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NASA TT F-696 

DEEP THERMAL STREAM I N  THE DAGESTAN TERRITORY 

A. S .  Dzhamalova' 

ABSTRACT. The r e s u l t s  of  a s tudy of t h e  magnitudes and 
v a r i a t i o n s  o f  t h e  deep thermal flow and i t s  rad iogen ic  
p o r t i o n  i n  sedimentary rock p r o f i l e s  i n  t h e  Dagestan A.S.S.R. 
are presented i n  t h i s  book. The e f f e c t  of  t h e  g e o s t r u c t u r a l  
condi t ions on i t s  d i s t r i b u t i o n  i s  eva lua ted .  This book is 
u s e f u l  f o r  so lv ing  problems of t h e  e n e r g e t i c s  of t e r r e s t r i a l  
processes  and appra i s ing  geothermal r e sources .  

PREFACE 

The s tudy of  t h e  deep thermal flow has important t h e o r e t i c a l  s i g n i f i c a n c e  

s i n c e  information about it i s  abso lu te ly  e s s e n t i a l  i n  so lv ing  problems con- 

cerning t h e  thermal h i s t o r y  and thermal equ i l ib r ium of t h e  Ea r th ,  deep 

temperature d i s t r i b u t i o n ,  t h e  e n e r g e t i c s  o f  geo log ica l  processes ,  and a 

number o f  o t h e r  problems. Study of  t h e  thermal flow permits  exposure of t h e  

s p a t i a l  d i f f e r e n c e s  i n  t h e  i n t e n s i t y  o f  t h e  deep thermal f i e l d  and opens t h e  

way f o r  an eva lua t ion  of t h e  r o l e  played by va r ious  f a c t o r s  i n  i t s  formation. 

On the  o t h e r  hand, s tudy  of  t h e  thermal flow has g r e a t  p r a c t i c a l  va lue  i n  ex- 

p l a i n i n g  t h e  thermal regimen o f  s p e c i f i c  p o r t i o n s  of  t he  E a r t h ' s  c r u s t  and 

i n  determining pe r spec t ives  f o r  t h e  u t i l i z a t i o n  o f  subterranean h e a t .  

Considering t h e  t h e o r e t i c a l  value of  geothermal s t u d i e s  and t h e  presence 

of considerable  deep t e r r e s t r i a l  hea t  resources  i n  t h e  USSR which could be 

u t i l i z e d  i n  the  n a t i o n a l  economy, t h e  value and t h e  n e c e s s i t y  of f u r t h e r  

u n i v e r s a l  development o f  works i n  t h i s  f i e l d  are e s p e c i a l l y  g r e a t .  Among t h e  

most promising areas f o r  t h e  u t i l i z a t i o n  o f  t e r res t r ia l  h e a t  i s  Dagestan. 

~~ 
_ .  - .. - 

lAcademy of Sciences USSR, S c i e n t i f i c  Council f o r  Geothermal 

*Numbers i n  t h e  margin i n d i c a t e  pag ina t ion  i n  t h e  fo re ign  t e x t .  
S tud ie s  
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Despite r ecen t  accomplishments i n  t h e  f i e l d  o f  h e a t  flow s p a t i a l  d i s t r i -  

bu t ion  s t u d i e s ,  t h e  number o f  i t s  measurements on t h e  c o n t i n e n t s  i s  s t i l l  fa r  

from adequate. Meanwhiie, t h e r e  a r e  a l s o  no q u a n t i t a t i v e  d a t a  concerning 

the  s i g n i f i c a n c e  o f  t h e  va r ious  h e a t  sources  i n  t h e  formation of t h e  geo- 

thermal f i e l d .  I t  was i n  t h i s  connection t h a t  t h e  au tho r  attempted t o  s tudy  

t h e  deep thermal flow i n  d i f f e r e n t l y  s t r u c t u r e d  p o r t i o n s  of t h e  Ea r th ' s  c r u s t  

on the  b a s i s  o f  a s p e c i f i c  area -- t h e  Dagestan piedmont and p l a i n  -- and t o  

make a q u a n t i t a t i v e  e v a l u a t i o n  o f  radiogenic  h e a t  gene ra t ion  i n  t h e  sedimentary 

s t r a tum.  The s tudy o f  t h i s  region i s  even more important because Dagestan i s  

of  g r e a t  i n t e r e s t  as a promising region f o r  p r a c t i c a l  u t i l i z a t i o n  o f  t e r r e s -  

t r i a l  h e a t .  

- /6 

This work was completed over  t h e  pe r iod  1963-1967 under t h e  d i r e c t i o n  o f  

F. A. Makarenko, Doctor o f  Geological and Mineralogical  Sciences,  i n  t he  

Laboratory of  Geothermy and Hydrochemistry of  Deep Earth Zone, Geological 

I n s t i t u t e  o f  t h e  Academy o f  Sciences o f  t h e  USSR. On t h e  b a s i s  of  t he  

r e s u l t s  o f  t h i s  work, t h e  author  made experimental  determinat ions of  t he  

thermal conduc t iv i ty  o f  sedimentary rocks i n  va r ious  a r e a s  o f  Dagestan 

(125 determinat ions)  as we l l  as measurements o f  t h e  r a d i o a c t i v e  elements 

contained i n  t h e  same rocks (100 de te rmina t ions ) .  The r e s u l t s  of  temperature 

measurements i n  o i l  wells were app l i ed  a t  t he  same time, which r equ i r ed  

s p e c i a l  eva lua t ion  o f  t h e  c o r r e l a t i o n  o f  t h e s e  d a t a  with t h e  s t a t i o n a r y  hea t  

f i e l d .  In add i t ion ,  t h e  r e s u l t s  of  thermometric s t u d i e s  c a r r i e d  out  i n  t h i s  

region by o t h e r  authors  were s t u d i e d .  On t h e  b a s i s  o f  t h e s e  d a t a ,  an a n a l y s i s  

of  t h e  thermal f i e l d  d i s t r i b u t i o n  is  made i n  t h i s  work, as we l l  as ana lys i s  of  

t h e  r o l e  o f  r a d i o a c t i v e  decay wi th in  t h e  sedimentary series i n  t h e  geothermal 

regimen within t h e  E a r t h ' s  i n t e r i o r .  

The experimental  work and f i e l d  s t u d i e s  were made i n  c l o s e  a s s o c i a t i o n  

with t h e  Dagestan S c i e n t i f i c  Research Divis ion f o r  Energet ics  and t h e  

Administration o f  "Dagneft' ' I .  The Severo-Kavkazskoe (North Caucasus) Geological 

Adminis t ra t ion,  i n  t h e  person of  Zh. I .  Shul'man, D i r e c t o r  o f  t h e  Geophysical 

Laboratory,  was o f  g r e a t  a s s i s t a n c e  i n  ca r ry ing  ou t  t h e  experimental  determi- 

n a t i o n s  of  r a d i o a c t i v i t y  o f  t h e  rocks.  
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The author  i s  deeply indebted t o  h e r  supe rv i so r ,  F.  A. Makarenko, f o r  

constant  advice and a s s i s t a n c e .  

Valuable counsel and comments were a l s o  r ece ived  du r ing  t h e  course of  t h e  

s tudy  from Ye. A. Lyubimova, I .  M. Kutasov, B. G.  Polyak, V.  A. Pokrovskiy, 

V.  I .  Kononov, Y a .  B. Smirnov, and V .  M.  Sugrobov. The g raph ic  material 

was prepared with t h e  a i d  of N .  I .  S i l i n .  To a l l  of t h e  persons named, t h e  

au tho r  expresses  h e r  most s i n c e r e  g r a t i t u d e .  
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CHAPTER I 

A BRIEF REVIEW OF CURRENT IDEAS CONCERNING INTERNAL SOURCES OF 
TERRESTRIAL HEAT AND DEEP THERMAL FLOW 

Thermal Effect  of Racigactgve- - - .  Decay and of- Other- Heat Sources 

Study o f  t h e  thermal s ta te  o f  t h e  Earth i s  c l o s e l y  a s s o c i a t e d  with a l l  o f  

our  geo log ica l  concepts concerning t h e  Ea r th  and has  a very long h i s t o r y .  

The first measurements o f  t e r r e s t r i a l  temperatures i n d i c a t i n g  a u n i v e r s a l  

i nc rease  i n  temperature wi th  inc reased  depth l e d  t o  t h e  hypothesis  t h a t  t h i s  

phenomenon i s  t h e  r e s u l t  o f  t h e  E a r t h ' s  cool ing down from i t s  primeval molten 

s t a t e  (Kelvin,  1864; Perry,  1895). But an e s t i m a t e  of  t h e  du ra t ion  of  t h e  

cooling down process  was c o n t r a d i c t o r y  t o  t h e  geo log ica l  d a t a  concerning t h e  

age of  t h e  Ea r th .  

s e c u l a r  cooling with t h e  a c t u a l  thermal regimen o f  t h e  Ea r th  (King, 1893, 

I n g e r s o l l ,  Zobel, 1913, and o t h e r s ) .  A t  t h e  p r e s e n t  t ime t h e  o r i g i n  of t h e  

E a r t h ' s  h e a t  i s  a t t r i b u t e d  p r i n c i p a l l y  t o  i n t e r n a l  p rocesses  t a k i n g  p l a c e  i n  

i t s  depths .  

t r a c e d  t o  cosmic in f luences  (Kropotkin, Trapeznikov, 1963) and t o  t h e  r e s i d u a l  

h e a t  of formation o f  t h e  p l a n e t .  

Numerous works exposed t h e  nonconformity of  t h i s  scheme of 

I n  a d d i t i o n ,  a s i g n i f i c a n t  r o l e  i n  t h e  E a r t h ' s  e n e r g e t i c s  i s  

Throughout t h e  e n t i r e  ex i s t ence  of  t h e  Ea r th  enormous amounts o f  energy 

have been expended i n  mountain bu i ld ing ,  vulcanism, and o t h e r  processes  

which r e s u l t e d  i n  t h e  formation of t h e  con t inen t s ,  oceans,  and atmosphere. 

So la r  h e a t  s e r v e s  as an energy source only f o r  t hose  processes  t ak ing  p l a c e  

on t h e  E a r t h ' s  s u r f a c e .  

The b a s i c  sources  of t h i s  energy a r e  t h e  unexpended r e s e r v e s  o f  h e a t  remain- 

i n g  af ter  t h e  formation of the  p l a n e t ,  and t h e  hea t  r e l eased  by t h e  decay o f  

r a d i o a c t i v e  elements.  

A l l  o t h e r  energy comes from t h e  depths  of the  Ea r th .  

The ma jo r i ty  of  r e sea rche r s  a t t a c h  a predominant importance t o  the  

energy of r a d i o a c t i v e  t ransformations i n  t h e  Earth (F. Birch, B .  Gutenberg, 

R .  S t r u t t ,  G.  Jeffr ies ,  J. Jacobs,  A. Holms, H. Urey, V. G.  Khlopin, 

A. N .  Tikhonov, Y e .  A. Lyubimova, B. Yu. Levin, S. V.  Mayeva and o t h e r s ) .  The 

ma jo r i ty  o f  n a t u r a l l y  occur r ing  r a d i o a c t i v e  elements belong t o  t h e  uranium, 



Actinium, and thorium s e - i e s  which have, r e s p e c t i v e l y ,  20, 15, and 13  

g e n e t i c a l l y  r e l a t e d  r a d i o a c t i v e  and s t a b l e  i s o t o p e s .  The h a l f - l i f e  of  t h e s e  

r a d i o a c t i v e  i so topes  vak ie s  from m i l l i o n t h s  of a second t o  many b i l l i o n s  of  

yea r s .  The t ransformation from one r a d i o a c t i v e  i so tope  t o  another ,  and then 

t o  a s t a b l e  one, occurs by way o f  a- and 6-decay; t h e  y - r a d i a t i o n  o f  t h e  

uranium s e r i e s  i s  a s s o c i a t e d  b a s i c a l l y  with t h e  presence o f  Ra ( B  + C ) .  

Besides t h e  r a d i o a c t i v e  elements o f  t h e  uranium, act inium, and thorium s e r i e s  

t h e r e  are n a t u r a l l y  occur r ing  r a d i o a c t i v e  i s o t o p e s  of  potassium, calcium, 

rubidium, zirconium, indium, t i n ,  t e l l u r i u m ,  lanthanum, neodymium, samarium, 

lutecium, tungs t en ,  rhenium, and bismuth. These a r e  long-l ived i so topes  

with h a l f - l i v e s  exceeding l o 9  y e a r s ;  they a r e  g e n e t i c a l l y  un re l a t ed  t o  t h e  

o t h e r  r a d i o a c t i v e  elements;  B-decay o r  k-capture i s  c h a r a c t e r i s t i c  f o r  them. 

When r a d i o a c t i v e  elements emit f a s t  a- and & p a r t i c l e s  and y-rays which 

a r e  absorbed by t h e  surrounding medium, hea t  i s  l i b e r a t e d .  The most accu ra t e  

c a l c u l a t i o n  of  h e a t  l i b e r a t i o n  i s  by means of  t h e  p a r t i c l e  and wave ene rg ie s .  

I t  has  been e s t a b l i s h e d  t h a t  a l l  a - p a r t i c l e s  emit ted by one element have one 

v e l o c i t y ;  t h e i r  masses are known, and t h e  number o f  p a r t i c l e s  emit ted by 1 g 

of  t h e  element i n  1 s e c  i s  determined by d i r e c t  t a b u l a t i o n .  On t h e  b a s i s  

of  t h e s e  d a t a  i t  i s  p o s s i b l e  t o  c a l c u l a t e  t h e  amount of  energy r e l eased  i n  

a-decay. I t  v a r i e s  i n  t h e  d i f f e r e n t  elements from 0 .01  t o  3.4 Mev (1 Mev = 

= 0.039*10-12 c a l ) .  

Computation of  t h e  r a t e  of  hea t  l i b e r a t i o n  by 1 g of  m a t e r i a l  p e r  

y e a r ,  U 2 3 8  f o r  example, i s  made i n  t h e  fol lowing manner: 

1 atom of  U 2 3 8  t o  1 atom o f  Pb206 p l u s  8 atoms o f  He4 t h e r e  i s  a r e l e a s e  o f  

47.4 MeV, o r  1.85.10-12 c a l .  

a f t e r  1 yea r  t he  number of  d i s i n t e g r a t e d  atoms inc reases  by a f a c t o r  of  

0.154-10-9. 

l i b e r a t e d  i n  each d i s i n t e g r a t i o n ,  we g e t  0 .71 cal  p e r  y e a r  f o r  1 g U 2 3 8 .  

i n  t he  decay o f  

One gram o f  U 2 3 8  con ta ins  6 .025-1023/238 atoms; 

Mult iplying t h e  number o f  d i s i n t e g r a t i o n s  by t h e  amount o f  hea t  

The r e l e a s e  of  a s i g n i f i c a n t  q u a n t i t y  o f  h e a t  over t h e  geologic  time 

span i s  p o s s i b l e  only when t h e r e  i s  an abundance of i so topes  i n  the E a r t h ’ s  

c r u s t  which have a r e l a t i v e l y  l a r g e  thermal decay e f f e c t  and h a l f - l i v e s  on t h e  

o r d e r  of  t h e  E a r t h ‘ s  age. Isotopes which s a t i s f y  t h e s e  two requirements a r e  
/9 



u238 ,  U235 ,  Th232, and K40. 

I O 9  yea r s  o r  g r e a t e r .  

given i n  Table 1. 

var ious  r a d i o a c t i v e  elements ,  made by d i f f e r e n t  au thors  a t  va r ious  times, 

show t h a t  fo r  1 g o f  rock t h e  h e a t  r e l e a s e  va lue  v a r i e s  between 1 0 1 0 - ~  and 

6 -  ca l /yea r .  Many s h o r t - l i v e d  r a d i o a c t i v e  elements,  which a r e  now obtained 

s y n t h e t i c a l l y ,  may have e x i s t e d  a t  some time and poss ib ly  played an important  

r o l e  i n  t h e  e a r l y  per iod  of t h e  Ea r th ' s  h i s t o r y .  

on t h e  o rde r  o f  l o 8  years  and l e s s  have by t h i s  time decayed t o  immeasureably 

small  amounts. 

A l l  of  them have h a l f - l i v e s  on t h e  o rde r  of  

The thermal effect  of decay f o r  t h e s e  elements i s  

Numerous measurements of t h e  thermal  e f f e c t  o f  decay of  

A l l  i so topes  with h a l f - l i v e s  

TABLE 1. THERMAL EFFECT OF DECAY FOR RADIOACTIVE ELEMENTS 
( i n  ca l /g . sec)  ACCORDING TO THE DATA OF VARIOUS AUTHORS 

Element Bul lard,  1954 

u238  2.34 
u235 

~ 2 3 2  0.  63-10-8 

K 8. 5*10-1 

K4 

Jacobs ,  1956 

2 .  33.10-8 

1 4 .  9*10-8 

0.67-10-* 

8.2-  

0 .67-  

2.22.10-8 

E 1 ement 

0.63*10-8 

8.5 10- 

Evans, Goodman Birch,  1953 
1942 

0.63 * 

1.58*10-13 

~ 2 3 8  2 . 3 3 0 1 0 - ~  2 .  30*10-8 
u 2 3 5  

u 2 3 2  0 .  64*10-8 0.63. 

K 1.58*10-13 8.5 
- 

I 

Bul la rd ,  1942 

2 .  28*10-8 

0.63*10-8 

2.52. lo- '  
__c_____ 

There a r e  c e r t a i n  d i f f i c u l t i e s  a s soc ia t ed  with eva lua t ing  t h e  hea t  r e -  - / l o  
l eased  by r ad ioac t ive  sources  as  a func t ion  of depth and t ime because of t h e  

lack of  information concerning t h e  d i s t r i b u t i o n  of r a d i o a c t i v e  elements i n  

t h e  E a r t h ' s  core .  

6 



The importance and . i eces s i ty  o f  r a d i o l o g i c  i n v e s t i g a t i o n s  were 
demonstrated by V. I .  Ve-madskiy, i n  p a r t i c u l a r ,  who expressed ideas  con- 

cerning t h e  deep c ross  s e c t i o n  o f  t h e  p l a n e t ' s  s t r u c t u r e ,  pe rmi t t i ng  t h e  

d i s t r i b u t i o n  o f  r a d i o a c t i v e  energy t o  be t r a c e d  t o  depths of  3 .8  km below 

sea l e v e l  over  a l l  t h e  terrestr ia l  surfaces.  This was a l s o  demonstrated l a t e r  

by V. I .  Baranov and A.  S.  Serdyukova (1959; Baranov, 1963); bu t  i n v e s t i g a t i o n s  

of t h i s  type a r e  of  e p i s o d i c  na tu re .  

The e q u a l i t y  of  t h e  flows on t h e  con t inen t s  and water areas, mentioned 

by many authors  (E.  Bul lard,  R .  von Gertsen, Maxwell, Rivel ,  Nazan, V. Lee), 

l ed  t o  t h e  hypothesis  t h a t  t h e  con t inen ta l  rocks were d i f f e r e n t i a t e d  from t h e  

underlying mantle and t h a t ,  as a r e s u l t  o f  t h i s  d i f f e r e n t i a t i o n ,  U ,  Th, and K 

were concentrated i n  t h e  c o n t i n e n t a l  c r u s t  while  beneath the  oceans they 

remained d i s t r i b u t e d  over  a g r e a t  range of  depths (Bullard,  1964). On t h e  

b a s i s  o f  accumulated r a d i o l o g i c a l  d a t a ,  Ye. A .  Lyubimova (1964), considers  

U ,  Th, and K t o  be contained i n  e f f e c t i v e  q u a n t i t i e s  i n  not  only t h e  g r a n i t i c  

and b a s a l t i c  l a y e r s  o f  t h e  E a r t h ' s  c r u s t ,  bu t  a l s o  s i g n i f i c a n t l y  deeper ,  i n  

t h e  mantle, assuming a t  t h e  same time t h a t  t h e  r a d i o a c t i v e  geosphere diminishes 

with depth.  Data concerning t h e  i n t e g r a l  flow a r e  presented i n  Table 2 ,  and 

i n  Table 3 a r e  given t h e  r e s u l t s  of  i n v e s t i g a t i o n s  of t he  t o t a l  r a d i o a c t i v e  

decay energy, i n  each i n s t a n c e  f o r  t h e  pe r iod  o f  t h e  E a r t h ' s  ex i s t ence  

according t o  the  d a t a  o f  var ious au tho r s .  Comparison of t hese  t a b l e s  i n d i c a t e s  

t h a t  the hea t  generated by r a d i o a c t i v e  elements during t h e  E a r t h ' s  ex i s t ence  

i s  q u i t e  adequate t o  cover t h e  t o t a l  h e a t  l o s s  r e s u l t i n g  from molecular h e a t  

conduc t iv i ty .  Determinations o f  t h e  r a d i o a c t i v i t y  of rocks i n d i c a t e d ,  too,  

t h a t  t he  cu r ren t  hea t  l o s s  of  t h e  Earth may be compensated i n  t h e  form of 

hea t  generat ion i n  t h e  l a y e r  extending t o  a few t e n s  of  ki lometers  i n  depth,  

providing i t s  r a d i o a c t i v i t y  i s  equal  t o  t h a t  of t h e  normal s u r f a c e  rocks .  

Radioactive elements a r e  p r e s e n t  i n  t h e  l i t h o s p h e r e  i n  t h e  composition 

of minerals  as  we l l  as i n  t h e  absorbed s t a t e .  More than 200 minerals  have 

been i d e n t i f i e d  i n  which r a d i o a c t i v e  uranium, thorium, radium, o r  potassium 

a r e  p a r t  of t h e i r  s t r u c t u r e .  But t h e  r a d i o a c t i v e  elements compose a very 

i n s i g n i f i c a n t  p a r t  of  t h e  t o t a l  l i t h o s p h e r e .  Rocks of  d i f f e r e n t  compositions 
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are cha rac t e r i zed  by d i f f e r e n t  average conten ts  o f  t h e  r a d i o a c t i v e  elements 

(Table 4 ) .  

Model 

Considering h e a t  l o s s  
only through hea t  
condu c t i v i  t y 

Considering more i n t e n -  
s i v e  h e a t  t r a n s f e r  i n  
the  E a r t h ' s  i n t e r i o r  i n  
the  form of r a d i a t i o n  
components with r a d i a -  
t i o n  constant  E = 10,  
100, 1,000. 

Considering r e d i s t r i -  
bu t ion  of  t h e  rad io-  
a c t i v e  elements from a 
homogenous t o  a con t i  - 
n e n t a l  s t r u c t u r e  

Considering un in te r -  
rupted r e d i s t r i b u t i o n  of 
t h e  sources  

Uniform r a d i o a c t i v i t y  
i n  t h e  mantle 

Cont inental  s t r u c t u r e  

Oceanic s t r u c t u r e  

Ear th  ' s Radi - Heat Content loss age > a t i  on 
8*109 con - g/g during 

Author years  s t a n t  pe r iod  
of E a r t h ' s  
ex i s t ence  
(Q) e r g  

Jacobs 
4 0 0.112 1956 

A 1  l an  
4 10 0.125 1954 

Lyub imova 
4.5 10 1 .0  0.623 1958 

200 5 .2  0.216 Levin, 

40 5 .2  0.302 1954 
4 .5  40 2.6 0.253 Mayeva, 

0.176 MacDonald 
4 .5  1000 5 . 5  0.057 1964 

4.5 1000 5 .5  0.815 I '  

1.1 0.162 

4.5 1000 5 .5  0.742 
1.1 0.143 

I 1  

8 
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According t o  A. P.  Vinogradov's t en t a t ive  e s t ima te  (1956), t h e  l i t h o s p h e r e  

t o  a depth of 16 km con ta ins  (wt %): U235,  2.1.10-6; ~ ~ 2 3 8 ,  3-10-4; m2.32, /12 
8-10-4; R a 2 2 6 ,  l * l O - l o ;  Ra231, l * l O - l o ;  A c 2 2 7 J  6 ~ 1 0 - l ~ .  I .  D.  Dergunov (1959) 

f i g u r e s  t h e  d i s t r i b u t i o n  of t h e  r a d i o a c t i v e  elements i n  t h e  rocks t o  b e  70% i n  

t h e  a c i d i c  rocks,  20% i n  t h e  b a s i c ,  and 10% i n  the  u l t r a b a s i c .  

TABLE 3. TOTAL ENERGY* RADIATED BY THE LONG-LIVED ISOTOPES 
DURING THE EXISTENCE OF THE EARTH (E. A.  Lyubimova, 1966) 

. _ _ _ _ _  

Author 
- - - - - -- __  

Vinogradov, 1960 
Birch, 1961 

Urey, 1962 
Lyubimova, 1958 

MacDonal d , 19 59 - 1964 
Levin, Mayeva, 1960 

Voytkevich, 1961 

- ~ 

E a r t h ' s  age 
8.109 y r s .  

- _- 

4.5 
4.5 

i 

4 .5  
4.0 
4 .5  
5 .0  
4.5 
4.5 
6.0 
5 . 0  
6.0 

-__ 

1.1-1.5 
0.6 

1 . 2  
1 . 6  
2 . 0  
2 . 8  
1 . 4  

1.2-1.5 
3.0 
1 . 9  
3 . 7  

~ . -  ~. . .  

- -  
PFGposed area of  
Concentration of 

. -  Radioac t iv i ty  

Crust and mantle 
400 km o f  upper 

Earth ' s mantle 
Earth as a whole 
Earth as a whole 
Earth as a whole 
Upper mantle 
Ea r th  as a whole 
Ea r th  as a whole 
Earth as a whole 
Earth as  a whole 

mantle 

~ - 

7 -Ai T 
*Calculated by t h e  formula H = L  s d r s z H i  e dv,  where Ai i s  

w o o  " 
t h e  cons t an t s  o f  decay and content  of  t h e  i - t h  r a d i o a c t i v e  element a t  
t he  i n i t i a l  moment; c i s  t h e  thermal conduc t iv i ty ;  @ i s  t h e  d e n s i t y ,  
V i s  t h e  E a r t h ' s  volume; T i s  t h e  E a r t h ' s  age.  

The amount of hea t  l i b e r a t e d  by any element i n  a given l a y e r  of  t h e  Earth 

p e r  u n i t  o f  t i m e  i s  determined by t h e  content  o f  t h a t  element ( i n  grams) i n  1 g 

of each of t h e  rocks comprising t h a t  l a y e r ,  by t h e  amount of hea t  l i b e r a t e d  

i n  1 sec during t h e  decay of  1 g of  t h e  given element, and by t h e  r e l a t i v e  

content  of the d i f f e r e n t  kinds of  rock i n  t h e  given l a y e r .  In o r d e r  t o  r e l a t e  

t h e  mass with t h e  volume it  i s  necessary,  of course,  t o  know t h e  d e n s i t y  of  

t h e  var ious rocks .  

With r e spec t  t o  t h e  hypothesis  t h a t  t he  b a s i c  mass o f  r a d i o a c t i v e  elements 

i s  concentrated i n  t h e  upper mantle of t h e  Earth,  t h e  r o l e  of r ad iogen ic  h e a t  
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i n  t h e  formation and development o f  t h e  t e r r e s t r i a l  c r u s t ,  and e s p e c i a l l y  

t h e  upper p o r t i o n  of it, must be enormous. 

The i n v e s t i g a t i o n s  by R. J .  S t r u t t  a t  t h e  beginning of  t h e  20th Century 

i n d i c a t e d  t h a t  hea t  formed by t h e  decay of  uranium, thorium, and potassium 

contained i n  the  E a r t h ' s  c r u s t  may produce t h e  h e a t  flow observed a t  t h e  

s u r f a c e  of  t h e  Ea r th .  Ca lcu la t ions  by V .  G .  Khlopin (1937) seemed t o  be new 

confirmation t h a t  r a d i o a c t i v e  hea t  i n  t h e  c r u s t ,  which was assumed t o  be  91 km 

i n  th i ckness ,  produced h e a t  flow a t  t h e  s u r f a c e  a t  t h e  r a t e  of 60 cal/cm2 p e r  

y e a r .  In  t h e s e  c a l c u l a t i o n s  Khlopin assumed t h e  g r a n i t e  l a y e r  t o  be 20 km 

i n  th i ckness ,  t he  b a s a l t  40 km, and t h e  p e r i d o t i t e  31 km, and assumed 

t h a t  t he  hea t  was adequate t o  compensate, i n  t h e  form of  atomic decay, f o r  t h e  

p l a n e t ' s  e n t i r e  hea t  l o s s  through r a d i a t i o n .  G .  V .  Voytkevich (1961) and 

I .  D.  Dergunov (1959) no te  t h a t  S t r u t t  and Khlopin proceeded from an over- 

es t imated content  of r a d i o a c t i v e  substances i n  t h e  c r u s t ,  b u t  i n t r o d u c t i o n  of 

t h e  necessary co r rec t ions  i n t o  t h e i r  c a l c u l a t i o n s  does not change t h e  

r e s u l t i n g  conclusions.  Thus the  ma jo r i ty  of  s c h o l a r s  today b e l i e v e s  t h a t  

t h e  b a s i c  source of t h e  h e a t ,  which i s  t h e  motive f o r c e  o f  a l l  t h e  processes  

t ak ing  p l ace  i n  t h e  upper l a y e r  of  t h e  E a r t h ' s  c r u s t  during t h e  course of  

geologic  t ime, i s  t h e  decay of  r a d i o a c t i v e  elements contained i n  t h e  c r u s t .  

There i s  poss ib ly  a con t r ibu t ion  t o  t h e  E a r t h ' s  energy balance from o t h e r  

sources  besides  t h e  n a t u r a l  r a d i o a c t i v i t y  of t h e  long-l ived i s o t o p e s .  We 

s h a l l  examine s p e c i f i c  c a s e s .  

The thermal e f f e c t  of  t he  decay of s h o r t - l i v e d  i so topes  - -  A 1 2 6 ,  Belo,  

C 1 3 6 ,  Fe6OJ Np237 - -  having h a l f - l i v e s  of  106-107 y e a r s ,  which i s  considerably 

l e s s  than the  age of t h e  Ea r th ,  was examined by Ye. A. Lyubimova (1962), G .  

MacDonald (1959), and J .  Jacobs (1961). According t o  t h e  d a t a  of t hese  

i n v e s t i g a t o r s  i t  provides only t h e  i n i t i a l  warm-up o f  t h e  i n n e r  core  of 

t he  Earth and embryonic p l a n e t s .  

The unequal temperature d i s t r i b u t i o n  and t h e  he t e rogene i ty  o f  t h e  

phys ica l  p r o p e r t i e s  i n  the  E a r t h ' s  upper mantle a r e  d e f i n i t e  causes of  thermo- 

e l a s t i c  s t r e s s e s  (Lyubimova, Magnitzkiy, 1964). The o rde r  of  magnitude 
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o f  t h e  the rmoe las t i c  energy at  a dep th  of 1Q km is. comparable t o  that o f  the 

seismic energy, and a t  a dep th  of 100 km even exceeds i t .  

The f u l l  g r a v i t a t i o n a l  energy, U,  r e l e a s e d  during the formation of  

t h e  dense core and less dense mantle,  is eva lua ted  f o r  t h e  mass M of constant  - /15 

d e n s i t y  by t h e  formula 

where M i s  t h e  mass; V i s  t h e  volume, and W i s  t h e  energy of  t h e  ind iv idua l  

element (of volume o r  mass). The e n e r g e t i c  e f f e c t  of g r a v i t a t i o n a l  d i f f e r e n -  

t i a t i o n  and t h e  r e d i s t r i b u t i o n  of t h e  t e r res t r ia l  masses under t h e  in f luence  

o f  cosmic f a c t o r s  , according t o  contemporary t h e o r i e s  (Kropotkin, 

Trapeznikov, 1963; Lyubimova, 1959; Lyustikh, 1951; Safronov, 1954; Fesenkov, 

1957; Beck, 1962; Benfield,  1950; Ferkhugen, 1958, 1961, and o t h e r s ) ,  i s  

commensurate with the  thermal y i e l d  from the  r a d i o a c t i v e  decay of elements 

d i s t r i b u t e d  uniformly i n  t h e  mantle and core i n  concentrat ions c l o s e  t o  t h a t  

of  chondri te .  The p o t e n t i a l  g r a v i t a t i o n a l  energy of  t h e  contemporary 

s t r a t i f i e d  Earth i s  2.5-1039 e r g s ,  according t o  A. E .  Beck ( c i t e d  i n  Ye. A. 

Lyubimova, 1966). 

The e n e r g e t i c  e f f e c t  of  t h e  E a r t h ' s  r o t a t i o n a l  d e c e l e r a t i o n  due t o  t i d a l  

f r i c t i o n  over t h e  pe r iod  of  t h e  E a r t h ' s  ex i s t ence  i s  3 . 6 ~ 1 0 ~ ~  e r g s .  

energy may be  e s s e n t i a l  f o r  formation of fus ions  i n  t h e  narrow l aye r ,  s i n c e  

the  r e l e a s e  of t i d a l  f r i c t i o n  energy i s  probably concentrated i n  t h e  a reas  of  

reduced v i s  cos i t y  . 

This 

I t  i s  d i f f i c u l t  t o  eva lua te  accu ra t e ly  t h e  energy o f  geochemical r e a c t i o n s  

and phase t r a n s i t i o n s ;  processes  may occur with t h e  r e l e a s e  as well  as with 

t h e  accumulation of h e a t .  

The thermal e f f e c t  of  zonal f u s i o n ,  capable of  producing repeated 

f l u c t u a t i o n s  of  t he  hea t  flow, i s  pointed out  by Vinogradov (1959), Magnitskiy 

(1965), and Lyubimova (1966a). 

The e f f e c t s  of spontaneous nuc lea r  f i s s i o n ,  cosmic r a d i a t i o n ,  and 
r a d i o a c t i v e  t ransformations o f  s h o r t - l i v e d  elements are considered i n s i g n i f i c a n t  
(Magnitskiy , 1965). 
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Type of 
rock 

830 

TABLE 4 .  AVERAGE CONTENT OF RADIOACTIVE ELEMENTS I N  ROCKS ( in  g/g) 

7 . 5 0 1 0 ~  I 

I gneous 
Acidic 

I n t  erme d i  a t  e 
Basic 

g r a n i t e  

b a s a l t  
e c l o g i t e  

U 1  t r ab as i c 
p e r i d o t i t e  
duni te  

Sediment ary 
c 1 ays 
sandstones 

l imestones 
dolomites 

Chondri t ic  
meteor i tes  

A .  P .  Vinogradov 
( 

I. 10-6 

3.5 

1 .8  
0.8 

0.03 

156) 

'h 10- 

18.0 

7 .8  
3 .0  

6 .0  

K 

0.033 

0.023 
0.008 

0.005 

V. N .  Kobranova 

1 . 4  

0.5 
0 .4  

0.2 

1 . 3  
0-1.5 

0 .5  
0.11 

96 2) 

1.10-6 

4 . 0  

1 .4  
1 . 2  

0 . 7  

4 . 3  
1p t o  
4.0 
1 .5  
0 . 3  

:h* 

13.0 

4.4 
4 .0  

2 .o 

13 
-- 

0.5 
- -  

- 
K 

- 

1. 26 

1.02 
1.014 

0.04 

-- 
-- 

-- 
0.26 

G .  T i l t on  and G .  Reed 

I *  10-6 

4.0 
2.0 

0 .8  
0.043 

0.006 
0.001 

0.011 

(15 

:*10-6' 

55,000 
18,000 

7,500 
530 

10 
10 

'3) 
:/u 10-6 

8. 7*103 
9.0.  l o 3  

9.4. l o3  
1 . 2 4 0 4  

1 104 
1 i o 4  

' o t a l  
leat gener.  
! rg/year  
ier 1 g 

185 
143 

58 

0.38 
0.08 

1.56 



I -  

F i n a l l y ,  po in t ing  out  t h a t  t h e  p a r i t y  o f  t he  hea t  flow on t h e  con t inen t s  and 

and t h e  oceans i s  d i f f i c u l t  t o  exp la in  proceeding from a model o f  hea t  gener- 

a t i o n  by i n t e r n a l  r a d i o a c t i v e  sou rces ,  J .  I saacs  and H .  Bradner (1964) 

propose a model i n  which a flow of  n e u t r i n o s ,  a r r i v i n g  on Ea r th  from o u t e r  

space,  are considered t o  be t h e  cause of h e a t  flow. The authors  e s t ima te  the  

flow o f  neu t r inos  a r r i v i n g  from t h e  sun, t h e  magnitude of  t h e  hea t  gene ra t ion  

from s c a t t e r i n g  and electromagnet ic  i n t e r a c t i o n ,  as wel l  as from n u c l e a r  

r e a c t i o n s  r e s u l t i n g  from t h e  cap tu re  of neu t r inos  by t h e  ma t t e r  of t h e  

Ea r th .  I t  i s  a l s o  noted t h a t  t h e  n e u t r i n o  stream from t h e  sun i s  i n s u f f i c i e n t  /16 

t o  exp la in  t h e  magnitude o f  t h e  h e a t  flow; t h e  considerable  stream of neu t r inos  

from o u t e r  space must be taken i n t o  cons ide ra t ion  and t h e  importance of  

weak n u c l e a r  i n t e r a c t i o n s  must be recognized. 

- 

An eva lua t ion  of t h e  e n e r g e t i c  e f f e c t  of  var ious sources  i s  introduced 

below (Ye. A. Lyubimova, 1966a). The r e l a t i v e  importance o f  a l l  t h e s e  processes  

changes with time and i n  t h e  d i f f e r e n t  geospheres.  

Type of Energy Magnitude, 10 e rgs  

P o t e n t i a l  g r a v i t a t i o n a l  energy . . . . . . . . .  25 

Energy from r a d i o a c t i v e  decay of U and K . . . .  0.6-2.0 
Energy of  g r a v i t a t i o n a l  d i f f e r e n t i a t i o n .  . . . .  1 . 5  
Thermal content  of  t h e  E a r t h ' s  mass toge the r  

with t h e  temperature of  fus ion .  . . . . . . .  3.2 

Heat l o s s  through thermal conduct ivi ty  . . . . .  0.1-0.8 

E l a s t i c  energy . . . . . . . . . . . . . . . . .  2 

Energy of  t i d a l  f r i c t i o n  . . . . . . . . . . .  0.36 

Our ideas  concerning t h e  thermal s t a t e  of t h e  Earth w i l l ,  without doubt,  

be changed considerably,  depending on assumptions about t h e  genesis  of our  

p l a n e t ,  t h e  amount and d i s t r i b u t i o n  of r a d i o a c t i v e  elements,  and t h e  

eva lua t ion  o f  t he  thermal e f f e c t  of t h e  var ious processes  t ak ing  p l ace  i n  i t s  

i n t e r i o r .  Thus t h e  c a l c u l a t i o n s  of G .  MacDonald (1964a) show t h a t  it i s  

p o s s i b l e  t o  cons t ruc t  a model o f  t h e  Earth i n  which t h e  r a d i o a c t i v e  composition 

d i f f e r s  from t h a t  of t h e  c h o n d r i t i c  me teo r i t e s ,  and which p r e s e n t s  a su r face  

flow and a d i s t r i b u t i o n  of  temperature with depth,  which does n o t  c o n t r a d i c t  

t h e  obse rva t ions .  
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E .  Bul lard (1964) writes t h a t  t h e  thermal s ta te  of  t h e  Earth i s  t h e  

s u b j e c t  o f  much u n c e r t a i n t y  and t h a t  arguments, stemming from it cannot b e  

r e l i a b l y  used t o  determine what does and does not  take p l a c e .  

t h e r e f o r e ,  o f  ob ta in ing  o b j e c t i v e  information a t  t h i s  t ime concerning t h e  

thermal regimen o f  t h e  abyssal  zones of  t h e  Earth i s  a n a l y s i s  of  t h e  a c t u a l l y  

observed phenomena i n  t h e  subsurface l a y e r s ,  one o f  which i s  t h e  thermal flow 

from t h e  i n t e r i o r .  

The only means, 

The Relat ion of  Deep Thermal . _ _  Flow t o  - Geologic - ~ - ~ - -  S t r u c t u r e  /17 
The thermal flow values  i n  d i f f e r e n t  p l a c e s  a r e  r a t h e r  s t r o n g l y  d i f f e r e n t i -  

a t ed ,  from f r a c t i o n s  up t o  10 pcal/cm2*sec.  

mean value have been made a t  var ious t imes.  Values obtained from an eve r  i n -  

c r e a s i n g  number o f  observat ions have been proposed as a r i t h m e t i c  means : 

1 . 3  f 0 . 1  (Birch, Sherer ,  Sp ice r ,  1949); 1 . 2  ? 0 . 6  (Birch, 1954), 1 . 2 3  (Bullard,  

1954), e t c .  The value o f  1 . 5  t 10% i s  i n d i c a t e d  as t h e  most r e l i a b l e  world 

average (Lee, MacDonald, 1963). Applying d i f f e r e n t  mathematical methods t h e s e  

authors  determined the  p o s s i b l e  range o f  averages as 1.63-1.65 pcal/cm2*sec.  

Attempts t o  determine i t s  a r i t h m e t i c  

The primary i n s u f f i c i e n c y  o f  a l l  t h e s e  works was t h e  a p p l i c a t i o n  of 

heterogenous da t a .  A t  t he  same t ime,  general  agreement of  t h e  p a t t e r n  of  

thermal 

be fo re  (Kropotkin, 1948; Birch, 1954; and o t h e r s ) .  The f irst  confirmation of  

t h i s  was the  establ ishment  of uniformly low values  f o r  t h e  thermal flow on 
t he  Precambrian s h i e l d s ,  0 .9-1.1 ucal/cm2-sec (Kraskovskiy, 1961; Lee, 1963). 

High thermal flow va lues ,  up t o  2 pcal/cm2-sec and more, i n  r ecen t  folded 

mountain s t r u c t u r e s  then a t t r a c t e d  a t t e n t i o n  (Lee, 1963; and o t h e r s ) ,  and 

p a r t i c u l a r l y  i n  regions of  Cenozoic vulcanism (Uyeda, Horai,  1964; Bodvarsson, 

1954; and o t h e r s ) .  A s  a r e s u l t  r e sea rche r s  turned t o  the  a n a l y s i s  o f  

g e o l o g i c a l l y  similar a r e a s .  Lee and Uyeda, applying methods o f  mathematical 

s t a t i s t i c s  t o  the  a n a l y s i s  of  131 t e r r e s t r i a l  determinat ions,  obtained t h e  

d a t a  summarized i n  Table 5 .  These authors  again i n d i c a t e d  a value of  1 . 5  as 

the  general  worldwide average. The s t a t i s t i c a l  c a l c u l a t i o n s  of B .  G .  Polyak 

and Ya. B. Smirnov (1966, 1968; analyzing t h e  thermal flow i n  the  var ious 

t e c t o n i c  regions of  t h e  con t inen t s  come c l o s e s t  t o  s a t i s f y i n g  the  r equ i r e -  

ments o f  uniformity and indepevdence of  a l l  t h e  d a t a  processed i n  t h e  

flow magnitudes with t h e  geo tec ton ic  scheme had been proposed long /18 
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contemporary geologic-geophysical s tudy  of  t h e  Ea r th  (Table 6 ) .  I t  can be 

seen from t h e s e  c a l c u l a t i o n s  t h a t  t h e  weighted average va lues  of t h e  thermal 

flow are, w i th in  an accuracy of  ? l o % ,  1.15, 1.19, and 1.18 ucal/cm2*sec f o r  

t he  land area, oceans, and Ea r th  as a whole, r e s p e c t i v e l y  (Smirnov, 1966). 

TABLE 5 .  THERMAL FLOW STATISTICS FOR THE MAJORITY OF DRY GEOLOGICAL STRUCTURES 
(Lee, Uyeda, 1965).  

_- - . .  - 

Geological 
S t r u c t u r e  

Precambrian 
s h i e l d s  . . . . . . . . . . . . .  

Post cambr i an un f o 1 ded 
regions . . . . . . . . . . . . .  

Post cambr i a n  f o l  ded 
regions* . . . . . . . . . . . .  

Paleozoic . . . . . . . .  
Mesozoic . . . . . . . . .  

regions . . . . . . . . . . . . .  
Cenozoic Vulcanism 

-. . . . . . . .  - 

~. .... 

Numb ex 
o f  
values  

26 

23 

68 
2 1  
19 

11 
____. 

. 

ir i thme t i c 
ne an 
value 
. _ _ _  _ ~ . _  

0.92 

1.54 

1.48 
1 . 2 3  
1 .92 

2.16 
-. - - - . 

--. . 

Standard 
devi a t  i on  

_ i ~ -  

0.17 

0.38 

0.56 
0.40 
0.49 

0.46 
........ 

-_ 
lean errc 

. - - 

0.03 

0.08 

0 . 0 7  
0.09 
0.11 

0.14 
. 

Average 
model value 

0.9 

1 . 3  

1.1 
1.i  
1.9-2.1 

2 . 1  

*Except f o r  Cenozoic vo lcan ic  r eg ions .  

The thermal flow i s  a phys i ca l  q u a n t i t y  which i s  a func t ion  no t  only of 

t h e  t e c t o n i c  s t r u c t u r e ,  which i s  expressed i n  i t s  a r e a l  v a r i a t i o n s ,  b u t  

which, according t o  i t s  n a t u r e  and t h e  contemporary concepts concerning 

sources  of  hea t  w i th in  t h e  Ea r th ,  must be a func t ion  of va r ious  processes  

whose r o l e  is  no t  constant  with r e spec t  t o  depth (ground water  movement, t h e  

decay of r a d i o a c t i v e  elements,  t h e  presence of l o c a l  exo- and endothermic 

processes ,  i n t r u s i v e  p e n e t r a t i o n s  , e t c . )  , a f a c t o r  which i s  perhaps expressed 

i n  t h e  r e g u l a r  v e r t i c a l  v a r i a t i o n s  i n  t h e  magnitude o f  t h e  thermal flow. 



Determination o f  t h e  q u a n t i t y  of thermal flow a t  t h e  d i f f e r e n t  t e s t  p o i n t s  

a t  va r ious  depths i s  t h e r e f o r e  t o  some degree a r b i t r a r y .  This cond i t ion  would 

have t o  be considered o b j e c t i v e l y  i n  sys t emiza t ion  of  t h e  d a t a  a l r eady  obtained.  

But t h e  magnitude o f  e r r o r  introduced as a r e s u l t  o f  contemporary d i s r e g a r d  

o f  t h e s e  tendencies  i s  no t  clear. 

ne amount o f  a l l  t h e  d i r e c t  deep hea t  l o s s  i s  not  accounted f o r  by 

conductive hea t  flow alone.  To t h e  h e a t  l o s s e s  o f  t h e  Earth through thermal /20 
conduc t iv i ty  must be  added those l o s s e s  which occur by o t h e r  means. Such 

phenomena as orogeny, f o l d i n g ,  metamorphism, and magmatism r e q u i r e  g r e a t  

expendi tures  o f  energy. For example, according t o  P. N .  Kropotkin's  calcu- 

l a t i o n s  (1948) up t o  e rg /yea r  are expended on mountain b u i l d i n g  i n  t h e  

p re sen t  epoch. 

gram o f  mass of  rock ( F i f e ,  Turner,  Ferkhugen, 1962), and 2 - 3  cal i n  e l a s t i c  

deformations (Goguel, 1948). Volcanic a c t i v i t y  on t h e  Earth i n  t h e  p re sen t  

epoch i s  accompanied by an expendi ture  of  approximately 10 l1  c a l / s e c  (Polyak, 

1966). 

From 75 t o  120 c a l  a r e  consumed i n  t h e  metamorphism o f  one 

In view o f  t h e  s p a t i a l  coincidence o f  i n t e n s e  man i fe s t a t ions  o f  t h e s e  

processes  with e s t a b l i s h e d  zones o f  high thermal flow i t  can be concluded 

t h a t  t h e  magnitude o f  t h e  thermal flow c h a r a c t e r i z e s  t h e  e n e r g e t i c  regimen 

o f  a given p o r t i o n  of  t h e  Ea r th ' s  c r u s t .  Very s i g n i f i c a n t  i n  t h i s  connection 

i s  Bu l l a rd ' s  s ta tement  (1964) t h a t  t h e  E a r t h ' s  t e c t o n i c  processes  a r e  i n  some 

sense a thermal machine, and t h a t  i n  t h e  s tudy  of  thermal flow we a r e  

i n v e s t i g a t i n g  t h e  motive power of  geologic changes. 

I t  should a l s o  be kept i n  mind, t h a t  p a r t  of  t h e  deep thermal "flow" is  

t runca ted  by waters c i r c u l a t i n g  i n  the  sedimentary l a y e r  of  t h e  Earth.  

Not once i s  t h i s  important r o l e  of t h e  groundwaters i n d i c a t e d  by V.  I .  

Vernadskiy, E.  N .  Lyustikh, F.  A.  Makarenko, A. M .  Ovchinnikov, N .  A.  

O g i l ' v i ,  G .  M .  Sukharev, and o t h e r  r e sea rche r s .  Several  q u a n t i t a t i v e  s o l u t i o n s  

appra i s ing  t h e  value of t h e  convective h e a t  conductance i n  the  l i t h o s p h e r e  

have already been achieved (N. A .  O g i l ' v i ,  N. M. Kruglikov, N .  M. Frolov, and 

o t h e r s ) .  I n v e s t i g a t i o n s  i n  t h i s  d i r e c t i o n  a r e  continued. A t  each p o i n t  t h e  

t o t a l  c l e a r  l o s s e s  o f  deep hea t  q a r e  equal t o  t h e  a l g e b r a i c  sum of  t h e  t rue  
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and convect ive q h e a t  l o s ses .  The magnitude of  qconv cond conv conductive q 

depends on t h e  d i r e c t i o n  and r a t e  o f  t h e  water movement, and a t  one and t h e  

same geographical p o i n t  t h e  r e l a t i o n s h i p  between t h e  convective and con- 

duc t ive  components may vary along t h e  v e r t i c a l ,  depending on t h e  hydrogeo- 

l o g i c a l  p e c u l i a r i t i e s  o f  t h e  p r o f i l e ,  while  t h e  amount o f  t o t a l  hea t  l o s s  

remains t h e  same (Polyak, 1966). A t  t h e  same t i m e  t h i s  au tho r  emphasizes 

t h a t  determinat ions o f  t h e  conductive component o f  t h e  thermal flow are made 

a t  va r ious  depths and i n  d i f f e r e n t  geological-hydrogeological  s t r u c t u r e s ,  which 

i n  h i s  opinion,  might, i n  themselves,  lead t o  d i f f e r e n t  p a r t i a l  values  f o r  

‘cond. 

- / 2 1  

I t  should be  added, t h a t  i n  comparison o f  t h e  values  of  t h e  conductive 

component of  t h e  thermal flow a t  d i f f e r e n t  p o i n t s  it i s  necessary t o  s e t  

f o r t h  s t r i n g e n t  requirements f o r  t h e  geological-hydrogeological  uniformity 

of  t h e  s e c t i o n s  be ing  compared. 

conclusions which give a f a l s e  p i c t u r e  o f  t h e  temperature regimen i n  t h e  

regions i n  ques t ion .  For example, i n v e s t i g a t i o n s  of t h e  thermal flow i n  t h e  

a r e a  of  Cambridge, conducted by Chadwick (1956), y i e lded  a value of 

1.28 t 0.12 ucal/cm2.sec i n  t h e  Paleozoic folded bedrock, while f o r  t he  upDer 

p a r t  of t he  p r o f i l e  o f  t h e  nearby p l a t fo rm- l ike  sheath it was 0.96 uca l /  

cm2.sec. 

rock as t h e  source.  The gene ra l  convergence of t h e  conductive hea t  l o s s  

values  f o r  t h e  s h i e l d s  i s  appa ren t ly  r e l a t e d  t o  t h e  i n s i g n i f i c a n c e  of t h e  

convective component. 

Comparison of  incomparable values may lead t o  

Chadwick c o r r e c t l y  s e e s  t h e  l a r g e  amount of water  i n  the  sedimentary 
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TABLE 6 .  DISTRIBUTION OF THERMAL FLOW I N  VARIOUS CONTINENTAL TECTONIC REGIONS 
(By B. G.  Polyak and Ya. B .  Smirnov, 1968) 

min Tectonic  Region n 

Region of Precambrian 
fo ld ing  (non-segmented) ........ 128 0.53 

Shields  .................... j 75 0 .61  

- 0- max 9 9 

1.33 0 .93  f 0.02 
1.32 0.90 I t 0.02 

and ac t iva t ed  i n  the  Cenozoic. .I 

Piedmont downwarps and I 

l 
I j 

intermontane depressions ... I 7 1  . 0.52 1 1.58 
Folded mountain s t ruc tu res .  

of  myogeosynclinal zones.. 4 32 I 1.20 I 2.20 

vulcanism ................. 74 1.20 I 3.49 
Continental  rift zones I 

N'yasa.. .................. 
Baykal. ................... 

Zones of Cenozoic I I 

Platforms ................... 53 ,, 0.53 1.33 1.04 \ f 0.05 

Regions of Caledonian fo ld ing  .I 24  0.68 1 .71  1.11 ' f 0.07 

1.75 ? 0.06 1 0.25 1 ? 0.04 

2 . 2 0  I f 0.06 0.42 I f 0.04 

1 1  

I I 
I I  

I Not 
1 es tab1  ished 

I 
1 1  2.40 f 0.18 I 0.59 1 t 0.13 1 

L . C .  0 L.  C 

- 
Note: n = number of thermal flow va lues ;  q = mean value;  U- = standard 
mean e r r o r ;  L . C .  = standard devia t ion ;  aL.C.  = e r r o r  o f  s tandard devia t ion .  

9 

Distri- 
but ion 

0.17 
0.15 
0.20 

t 0.01 I Nor;al 
f 0 . 0 1  
f 0.03 I 

Regions of Hercynian folding. ,  .' 145 ' 0.60 

and ac t iva t ed  i n  the  Mesozoic. .I 26 ' 1.00 
Regions of Mesozoic folding. .  ... 
Regions of Cenozoic folding..  .I I . 

1.90 ' 1.24 I 5 0.03 

2 . 1 2  1.42 I f 0.06 
I I 

0.98 f 0.03 



CHAPTER I1 

CHARACTERISTICS OF THE GEOLOGICAL STRUCTURE AND HYDROLOGICAL 
CONDITIONS I N  THE AREA OF DAGESTAN UNDER STUDY 

Geomorphology 

The a r e a  under examination i s  a d m i n i s t r a t i v e l y  a p a r t  o f  t h e  Dagestan 

ASSR and embraces a considerable  p o r t i o n  o f  t h e  eastern Ciscaucasia  ( e a s t e r n  

approach t o  t h e  Caucasus) and t h e  no r the rn  s lope  o f  t h e  Caucasian Mountains. 

I t  is  bordered on t h e  northwest by t h e  upper course o f  t he  Argun River ,  on 

the  southwest by t h e  water  d i v i d e  o f  t h e  Main Caucasian Range, on t h e  sou theas t  

by the  Bazar-Dyuzi Massif and lower course o f  t he  Samur River ,  on the  

n o r t h e a s t  by the  shores  of t h e  Caspian Sea, and on the  no r th  by the  lower 

reaches of  t he  Kuma River.  

A p a r t  of  Dagestan corresponding geomorphologically t o  t h e  pr iCaspian 

Lowlands i s  examined i n  t h i s  work. A southern r eg ion ,  o r  Dagestan Piedmont, 

and a no r the rn ,  P l a in  o f  Dagestan, region a r e  d i s t i n g u i s h e d .  

In t h e  Dagestan Piedmont t h e  Caspian Lowlands s t r e t c h  i n  a narrow b e l t  

along t h e  shores  o f  t he  s e a .  Severai  marine t e r r a c e s  a r e  noted he re  with 

e l e v a t i o n s  o f  220-240, 135-140, 75-80, 50-55, and 15-20 meters .  These 

t e r r a c e s  belong t o  t h e  Neocaspian, Paleokhvalynsk, Neokhvalynsk, Paleo- 

khazarsk,  and Bakinsk s t a g e s .  In a number of  cases  the  normal s t r a t i f i c a t i o n  

o f  t h e  depos i t s  was d i s t u r b e d  by neo tec ton ic  movements, which i s  r e f l e c t e d  i n  

the hypsometry o f  t he  t e r r a c e d  benches. 

North o f  M t .  Makhachkala the  Caspian Lowlands become b roade r ,  occupying 

a considerable  a r e a  of t h e  Checheno- Ingushsk ASSR, t h e  Stavropo Kray 

and t h e  Oblast  of  Astrakhan. This p a r t  of  it extending t o  t h e  Sulak,  

Terek, and Kuma Rivers forms the  Dagestan P la in .  Within i t s  borders  two 

p l a i n s  a r e  morphologically d i s t i n g u i s h e d ;  t h e  Kuma and t h e  Tersk-Sulak 

p 1 a ins  . 
A l a rge  p a r t  of  t h e  Kuma P la in  i s  occupied by sandstone mass i f s ,  t h e  

l a r g e s t  of  which a r e  the Kuma, Bazhigan, and the  Terek. The l o c a l i t y  has a 

s l i g h t l y  r o l l i n g  contour with shallow oval o r  round depres s ions .  The 

ind iv idua l  r i dges  o f  sand u s u a l l y  extend 5-10 km with widths o f  1-3 km 
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and e l eva t ions  o f  15-30 m. 

t h e  Kuma and Bazhigan a r e a s ,  t h e r e  are s l i g h t l y  undula t ing  sandstone massifs 

and a s l i g h t l y  u p l i f t e d  p l a i n  s t r e t c h i n g  from west t o  east; i t  i s  t h e  

n a t u r a l  water  d iv ide  between t h e  Kuma and t h e  Sukhaya Kuma r i v e r s .  

C h a r a c t e r i s t i c  of  t h i s  p a r t  of  t h e  lowlands i s  t h e  presence of  s h o r t ,  d ry  

beds of  prev ious ly  e x i s t i n g  watercourses  which extend i n  a l a t i t u d i n a l  

d i r e c t i o n .  The l i t t o r a l  of t h e  Caspian Sea i s  a smooth p l a i n  with a l a r g e  

number of swampy a reas  overgrown wi th  reeds .  

20-28 m.  

I n  t h e  c e n t r a l  p a r t  of  t h e  t e r r i t o r y ,  between 

The abso lu te  marks he re  a r e  

F igure  1. D i s t r i b u t i o n  
schematic o f  t h e  
i n v e s t i g a t e d  a r e a s .  
1, j u r a s s i c  system 
depos i t s  ; 2 ,  Cretaceous 
system d e p o s i t s ;  
3 ,  neogenic system 
depos i t s  ; 4 ,  paleogenic  
system d e p o s i t s ;  
5 ,  quar tenary  d e p o s i t s .  
Flooded i n v e s t i g a t e d  

a r e  a .  

20 



The Tersk-Sulak P l a i n  i s  bordered on t h e  no r th  and west by the  Terek 

River,  on t h e  south by a b e l t  of  f o o t h i l l s ,  and on t h e  e a s t  i t  i s  circumfluent 

by t h e  Caspian Sea. I ts  s u r f a c e  i s  b u i l t  up o f  a l l u v i a l  depos i t s  from t h e  

Terek, Sulak, Aktasha, and o t h e r  r i v e r s ,  while  i t s  c o a s t a l  zone t o g e t h e r  

with t h e  ad jacen t  i s l a n d s  and t h e  Agrakhan Peninsula  are b u i l t  UQ o f  

contemporary marine d e p o s i t s .  A s l i g h t  i n c l i n a t i o n  o f  t h e  su r face  toward t h e  

e a s t  and n o r t h e a s t  c r e a t e s  t he  impression o f  an i d e a l  p l a i n ,  which i s  

d i s t u r b e d  only he re  and t h e r e  by the  presence o f  channel banks, low mounds, 

f l a t  and enclosed depres s ions ,  and sandy mounds and r i d g e s .  Along t h e  

s e a  shore s t r e t c h e s  a b e l t  o f  sand dunes and r i d g e s  up t o  10-15 m i n  
h e i g h t .  Near t h e  f o o t h i l l s  t h e  lowlands a r e  i n t e r s e c t e d  by dry washes and 

gu l l eys  cu t  by t h e  p e r i o d i c  run -o f f .  In t h e  c e n t r a l  p o r t i o n  t h e r e  a r e  

many shallow r i v e r  v a l l e y s  with smooth contours .  

Te c t  oni  c s  

According t o  p r e v a i l i n g  views (V.  V .  Belousov, I .  0 .  Brod, M .  S. 

Burshtar ,  P.  A.  Vardanyants, A. I .  Letavin,  M .  F.  Mirchink, M. V .  Muratov, 

V.  L .  Rengarten, N .  Yu. Uspenskaya, Yu. A.  Sudarikov, and o t h e r s ) ,  t h e  

t e r r i t o r y  which we examined i s  confined t o  two t e c t o n i c  s t r u c t u r e s  o f  d i f f e r e n t  / 2 5  

ages : t h e  Cenozoic Tersk-Caspian forward depression and t h e  epihercynian 

Scythian platform.  

- 

In the  southern p a r t  o f  t he  a r e a  s t u d i e d ,  i n  t h e  downwarp zone (some- 

times c a l l e d  the  Kulsar-Divichinsk Depression) two l a r g e  a n t i c l i n e  zones can 

be i d e n t i f i e d ,  t he  Eastern and Western, s epa ra t ed  by a broad trough-shaped 

s y n c l i n e .  The "hinges" of  both a n t i c l i n e s  a r e  formed by a s e r i e s  of  

b r o c h y a n t i c l i n a l  u p l i f t s .  Both zones r ep resen t  elements o f  t he  advance 

fo ld ing  o f  the megaanticlinorium of  t h e  Grea te r  Caucasus. The western a n t i c l i n e  

zone's su r f ace  i s  formed by rocks o f  Upper Cretaceous t o  the  Pl iocene,  

i n c l u s i v e ,  with a predominant development o f  d e p o s i t s  o f  t h e  Chokraksk and 

Karagansk horizons.  

a n t i c l i n a l  , i s  confined t o  t h i s  zone. 

One o f  t h e  s t r u c t u r e s  we examined, t h e  Gashinsk brachy- 

The e a s t e r n  a n t i c l i n e  zone i s  made up o f  Sarmatian s t a g e  rocks o f  t he  

Konsksk, Karagansk, and Chokraksk horizons.  In  t h e  a n t i c l i n e  o f  t h e  most 
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u p l i f t e d  areas (Berikey, Duzlak, Ogni) t h e r e  are s u r f a c e  outcroppings o f  t h e  

Maykop formation c l a y s .  A t h i c k  cover o f  Paleocaspian formations o v e r l i e s  a 

l a r g e  p a r t  of t he  area occupied by t h i s  s t r u c t u r e  and masks i t .  The area o f  

Izberbash, which we s t u d i e d ,  belongs t o  t h e  Eastern a n t i c l i n e  zone, while 

somewhat t o  t h e  north are t h e  areas of Kaspiysk and Makhachkala, which were 
a l s o  s tud ied .  

That p a r t  of t h e  depression l y i n g  i n  t h e  northwest i s  o f t e n  c a l l e d  t h e  

Tersk-Sulaksk depression.  This i s  a f la tbot tomed b a s i n  with s u b l a t i t u d i n a l  

o r i e n t a t i o n  which i s  f i l l e d  with a t h i c k  l a y e r  o f  Cenozoic and Mesozoic 

d e p o s i t s .  In t h e  opinion o f  many i n v e s t i g a t o r s  (M. S. Burshtar ,  M. F .  

Mirchink, Ya. P. Malovitskiy,  and o h t e r s ) ,  a deep f r a c t u r e  with a l a t i t u d i n a l  

s t r i k e  passes  through t h e  southern p o r t i o n  o f  t h i s  s t r u c t u r e  and is  most 

c l e a r l y  def ined i n  t h e  e a s t e r n  p a r t  of t h e  region.  

Following the  Maykop p e r i o d ,  t h e  Tersk-Sulaksk depres s ion  a r e a  underwent 

i n t e n s e  submergence. The removal of an enormous amount of  t e r r igenous  

ma te r i a l  from the  e l e v a t e d  Caucasus completely compensated f o r  t h e  subsidence 

o f  t h i s  area and l e d  t o  t h e  accumulation o f  a l a y e r  o f  Middle Miscene- 

Quarternary sediments of a t o t a l  t h i ckness  o f  4-4.5 km. 

d r i l l e d  t o  a depth of  4,437 m was s t i l l  i n  t h e  Karagan-Chokraksk depos i t s .  

The t o t a l  t h i ckness  o f  t h e  sediments which accumulated i n  t h e  Tersk-Sulaksk 

depression during the  Quarternary alone is  more than 500 m y  which i n d i c a t e s  

the very i n t e n s i v e  submergence of t h i s  a r e a  a t  t h e  f i n a l  s t a g e  of  i t s  

development. 

A Karaman wel l  

Several  zones of  u p l i f t  a r e  encountered w i t h i n  t h e  conf ines  o f  t h e  

Tersk-Sulaksk depression (Western Aktash, Eastern Aktash, and Babayurt) , and 

t h e i r  geomorphological f e a t u r e s  give evidence o f  t h e i r  n e o t e c t o n i c  age. 

The platform p o r t i o n  o f  Dagestan corresponds t o  t h e  Kuma River zone of  

u p l i f t  o f  t h e  Scythian platform,  o r  t he  Kuma area a rch .  I ts  s t r u c t u r e  shows 

the e f f e c t  of  movements along t h e  l a t i t u d i n a l  t e c t o n i c  l i n e s  ( the  Manych 

system of  f r a c t u r e s  and t h e  proposed zone of  t h e  Kraynov s t a g e ) ,  as wel l  as 

t h a t  of t r a n s v e r s e  movements. The f i r s t  l e d  t o  formation o f  t h e  
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arch and, according t o  t h e  general  opinion,  were l a i d  down a t  an ear l ie r  t i m e ,  

t h e  second i s  r e f l e c t e d  i n  i t s  block s t r u c t u r e .  

Seismic e x p l o r a t i o n  has  e s t a b l i s h e d  a l a r g e  number of  l o c a l  u p l i f t s  i n  

t h e  sedimentary sheath of  t h i s  area which are more c l e a r l y  def ined i n  t h e  

lower s t r a t i g r a p h i c  i n t e r v a l s  and a t t e n u a t e  upward along t h e  p r o f i l e .  These 

u p l i f t s  a r e  platform-type b r a c h y a n t i c l i n e s  with amplitudes o f  20-30 m 
and f o l d  angles  o f  d i p  up t o  1.5O; t h e i r  dimensions are 3-9 km along t h e  

long axis and 1.5-5 km on t h e  s h o r t  axis. They are a l l  inco rpora t ed  i n  t h r e e  

elongated arch-shaped groups with s u b l a t i t u d i n a l  s t r i k e :  t h e  Ozeksuatsk- 

Levokumsk, t h e  Praskoveysk-Achikulasksk, and t h e  Velichaevo-Maksimokumsk. 

The s t r u c t u r e s  of Russkiy Khutor, Yuzhno-Sukokumskaya, Stepnaya , Solonchakovaya 

and Bazhigan, which we s t u d i e d ,  a r e  confined t o  t h e  two l a t t e r  groups.  

L i t h o l o g i c - S t r a t i g r a p h i c  - . -  _ _  - Desc r ip t ion  of  t h e  P r o f i l e  

The region i n v e s t i g a t e d  i s  divided i n t o  two a reas  of d i f f e r e n t  general  

geological  development, which has l e f t  i t s  imprint  i n  t h e  l i t h o l o g i c a l -  

s t r a t i g r a p h i c a l  f e a t u r e s  of  t h e  rocks comprising t h e  p r o f i l e .  

The o l d e s t  formations i n  Dagestan a r e  d e p o s i t s  of  t h e  Paleozoic  bedrock. 

They a r e  greenish-gray s i , l i c e o u s  and s i l iceous-micacesus s l a t e s  and p h y l l i t e s .  

A r g i l l i t e ,  gray q u a r t z - l i k e  hard sandstone,  and, more r a r e l y ,  dark gray and 

reddish l imestone a r e  encountered. In t h e  Kuma River u p l i f t  r eg ion  

(Bazhigan area)  a 130-150 meter t h i c k  l a y e r  of l i g h t  gray and greenish-gray 

marbelized dense l imestone and r e c r y s t a l l i z e d  marl ,  a r b i t r a r i l y  r e l a t e d  t o  

t h e  rocks of t he  folded base ,  was discovered a t  depths of  3,585 and 3,765 

meters .  These formations a r e  dated as Middle-Upper Carboniferous (Bogdanovich, 

1958; Tsaturov, 1957). 

The f a c t u a l  d a t a  obtained i n  t h e  course of  geological  i n v e s t i g a t i o n s  

permit t h e  hypothesis  t h a t  as a r e s u l t  o f  t e c t o n i c  movements i n  t h e  p re -  

J u r a s s i c  pe r iod  almost a l l  of  t h i s  t e r r i t o r y  was l i f t e d  above sea l e v e l  

and was dry land f o r  some t i m e .  The r e s u l t  of t h i s  i s  t h a t  a considerable  

p a r t  of t h e  Tr iass ic  and lower s e r i e s  of t h e  J u r a s s i c  i s  absent  from t h e  

p r o f i l e .  
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The J u r a s s i c  system is  r ep resen ted  by t h r e e  s e r i e s :  upper,  middle, and 

lower, o f  which t h e  middle i s  t h e  most completely r ep resen ted .  

Deposits o f  t h e  Lower J u r a s s i c  are ev iden t  i n  t h e  e r o s i o n a l  bas ins  o f  

mountainous Dagestan and were uncovered i n  d r i l l  h o l e s  2 and 3 i n  t h e  

Bazhigan area on t h e  Dagestan P la in .  The co re  material from ho le  3 was 
tu f f aceous  sandstone and a l e u r o l i t e ,  weakly cemented; i n  ho le  2 it was 

p s e p h i t i c ,  psammitic, and a l e u r o l i t i c  t u f f ,  and q u a r t z i t i c  po rphyr i t e .  

The th i ckness  o f  t h e  d e p o s i t s  i s  150 m. The t o t a l  p o r o s i t y  o f  t h e  tuffaceous 

sandstone i s  7-16%, t h e  open p o r o s i t y  i s  3-10%. No rocks o f  Lower J u r a s s i c  

age were discovered by d r i l l i n g  on the  Dagestan Piedmont. 

Formations o f  t h e  Middle J u r a s s i c  a r e  r ep resen ted  by d e p o s i t s  of  Aalen 

and Bayos-Batsk age. The Aalen depos i t s  i n  the  e n t i r e  region s t u d i e d  are 

composed o f  a r g i l l i t e s ,  a l e u r o l i t e s ,  and sandstones.  In t h e  Yuzhno- 

Sukhokumsk a r e a  between t h e  P re - Ju ras s i c  l imestones and t h e  Bayos sandstones 

t h e r e  a r e  a r g i l l i t e  benches with a l e u r o l i t e  i n t e r l a y e r s ,  20 m t h i c k .  These 

depos i t s  a r e  a r b i t r a r i l y  dated as be ing  o f  Toarcian-Aalen age. 

The Bayos-Batsk d e p o s i t s  a r e  aleurolitic-Argillaceous rocks.  In t h e  

upper p o r t i o n  o f  t h e  p r o f i l e  they a r e  no t i ceab ly  en r i ched  by sandstones,  

sometimes q u a r t z i t e s  with s i l i c e o u s  cement of  t h e  i n t e r s t i t i a l  t ype .  Within 

t h e  borders  o f  t h e  Dagestan P la in  ( the  a reas  o f  Yuzhno-Sukhokumskaya, Russkiy 

Khutor, Vostochno-Sukhokumskaya, Bazhigan, Solonchokovaya, and Stepnaya) t h e  

Bayo-Batsk depos i t s  a r e  r ep resen ted  by a l t e r n a t i o n s  o f  sandstone,  a l e u r o l i t e ,  

and black a r g i l l i t e ,  microbedded with p y r i t e  i n c l u s i o n s .  The t o t a l  p o r o s i t y  

of  t h e  sandstones does no t  exceed 8%, and t h e  open p o r o s i t y  i s  l e s s  than 3%. 

Tota l  t h i ckness  o f  t h e  depos i t s  v a r i e s  from 550 t o  800 m. 

- /28 

The Upper J u r a s s i c  s t r a t a  a r e  completely eroded away i n  t h e  Piedmont 

a r e a  examined. 

represented by a l a y e r  i n  which coarse s t r a t a  of  sandstone a l t e r n a t e  t h i n  

s t ra ta  of a l e u r o l i t e ,  and above t h i s  dolomite and a r g i l l i t e  s t r a t a  a l t e r n a t e .  

Total  p o r o s i t y  o f  t h e  sandstones is  1 0 - 3 0 % ,  t he  open p o r o s i t y  i s  8-12%. 

Permeabi l i ty  v a r i e s  from 43 t o  430 m i l l i d a r c y .  

a l e u r o l i t e s  i s  8- lo%, open p o r o s i t y  l e s s  than 3%.  

In  t h e  Dagestan P l a i n  t h e  Upper J u r a s s i c  depos i t s  a r e  

To ta l  p o r o s i t y  o f  the 
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Cretaceous d e p o s i t s  i n  t h e  region s t u d i e d  are of two s e r i e s  (Lower and 

Upper Cretaceous) and have a t o t a l  t h i ckness  o f  500 m (Dagestan Piedmont) 

t o  2,000 m (Dagestan P l a i n ) .  

Lower Cretaceous d e p o s i t s  are sub-divided i n t o  two c l e a r l y  def ined 

l i t h o l o g i c - s t r a t i g r a p h i c  complexes: a lower, carbonaceous-terrigenous 

(Valanzhin and Goterivsk s t a g e s  and Lower Barremsk sub-stage) and an upper ,  

completely t e r r igenous  (Upper Barrensk sub-stage,  Aptsk and A 1  'bsk s t a g e s )  . 
The e n t i r e  lower carbonaceous-terrigenous complex i s  absent  i n  t h e  

I n  t h e  Dagestan P l a i n  p a r t  o f  t h e  Dagestan Piedmont which was s t u d i e d .  

t h e  Valanzhin-Goterivsk d e p o s i t s  are d i s t i n g u i s h e d  by va r i ega ted  composition; 

p r i m a r i l y  sandstones and l imestones,  t o  a lesser degree dolomites and 

a r g i l l i t e s ,  a l e u r o l i t e s  are encountered r a r e l y .  The accumulative p r o p e r t i e s  

of  t hese  rocks are n o t  high;  t h e  t o t a l  p o r o s i t y  o f  t h e  sandstones is  18-12%, 

and i n  t h e  l imestones i t  i s  reduced t o  6%. Maximum open p o r o s i t y  of the 

sandstones i s  4-6%, and t h e i r  f i l t r a t i o n  p r o p e r t i e s  a r e  poor.  

The Barremsk d e p o s i t s  i n  t h e  lower p a r t  are made up of sandstones and 

l imestones,  and h ighe r  i n  the  p r o f i l e  appear l a y e r s  of a l e u r o l i t e s  and 

a r g i l l i t e s .  

The Aptsk d e p o s i t s  throughout t h e  e n t i r e  area are r ep resen ted  by sand- 

s t o n e s ,  a l e u r o l i t e s ,  and a r g i l l i t e s  posses s ing  good accumulative p r o p e r t i e s  : 

t o t a l  p o r o s i t y  of t h e  sandstones v a r i e s  from 4-20% and t h e  open from 2-14%; 

f o r  t h e  a l e u r o l i t e s  i t  i s  r e s p e c t i v e l y  2-16% and 1.5-8%. 

Lower Cretaceous depos i t s  do not exceed 1,000 m i n  th i ckness .  

Upper Cretaceous depos i t s ,  r ep resen ted  b a s i c a l l y  by pel i tomorphic  lime- 

s tones ,  were found i n  t h e  boreholes  o f  t h e  p rospec t ing  of t h e  Dagestan Piedmont 

and P l a i n .  They were not  d i f f e r e n t i a t e d  i n t o  i n d i v i d u a l  s t a g e s  i n  t h e  

Dagestan P l a i n ;  i n  t h e  Piedmont they  have been r a t h e r  thoroughly s t u d i e d .  

Deposi ts  of Senoman age are r ep resen ted  by a l a y e r  of  marl-l imestone. 

These rocks t u r n  t o  Turonian arenaceous l imestones which con ta in  seams 

of  m a r l .  

l y i n g  rocks.  The Santonian s t a g e  i s  r ep resen ted  by l i gh t -g ray ,  dense 

Deposits of Kon'yaksk age are similar i n  appearance t o  t h e  under- 
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l imestones,  among which are found cha lk - l ike  l imestones with horizons o f  

s t y l o l i t e s .  In  t h e  l imestone ba rd  o f  t h e  Campanian s t a g e ,  i n c l u s i o n s  of 

s i l i c o n  are o f t e n  observed; t h e  rocks are h i g h l y  arenaceous.  In t h e  

l imestone l a y e r  of t h e  Maastrikhtsk s t a g e  an i n c r e a s e  i s  observed i n  t h e  

seams o f  marl and i n  t h e  a r g i l l a c e o u s  c o n s t i t u e n t s .  

T o t a l  t h i ckness  of  t h e  Upper Cretaceous d e p o s i t s  i s  200-260 m over t h e  

e n t i r e  t e r r i t o r y  examined. 

Paleogenic and Neogenic depos i t s ,  c o n s t i t u t i n g  a l a r g e  p a r t  o f  t h e  

p r o f i l e  s tud ied ,  p l ay  t h e  most important r o l e  i n  t h e  geologic  s t r u c t u r e  o f  

t h i s  region.  The rocks of t h i s  age have a maximum th i ckness  o f  5,000-7,000 m .  

Paleogenic d e p o s i t s  a r e  subdivided i n t o  two l i t h o l o g i c - s t r a t i g r a p h i c  

complexes: t h e  Foraminiferous and Maykopian formations.  The Foraminiferous 

s e r i e s  belongs t o  t h e  Paleocene-Eocene formations,  according t o  age, and 

c o n s t i t u t e s  a l a y e r  o f  marl-l imestone. The Foraminiferous l a y e r s  have 

an average th i ckness  of 100-200 m i n  t h e  piedmont and p l a i n  areas of 

Dagestan. The Maykopian s e r i e s ,  corresponding t o  d e p o s i t s  of  Oligocene 

and Lower Miscene age, i s  r ep resen ted  by a t h i c k  l a y e r  of brown and dark- 

gray c l ays  containing seams o f  s i d e r i t e ,  marl, a l e u r o l i t e s  and sandstones.  

In  the  t e r r i t o r y  under examination t h e  Neogenic system i s  represented 

by both d i v i s i o n s ,  t he  Miocene and P l iocene .  

The Miocene d i v i s i o n  includes the  Tarkhansk, Chokraksk, Karagansk, 

and Konksk horizons (Middle Miocene), as we l l  as t h e  Samatian and Meotic 

s t a g e s  (Upper Miocene). 

In  t h e  Dagestan Piedmont t h e  Chokraksk horizon i s  d i s t i n g u i s h e d  by 

non-uniform th i ckness  and l i t h o l o g i c  composition, which causes h e r e  a - /30  

seg rega t ion  of t h r e e  l i t h o f a c i a l  regions.  The no r the rn  region i s  c h a r a c t e r i z e d  

by arenaceous-argi l laceous d e p o s i t s ,  t he  c e n t r a l  by aleurolitic-argillaceous, 
and the  southern by a r g i l l a c e o u s .  In  t h e  Dagestan P l a i n  t h e  Chokrask horizon 

is  expressed over a l a r g e  p a r t  of  t h e  a r e a  by l i t h o f a c i e s  of sandy appear- 

ance, which are divided he re  i n t o  a lower (Makhachkalin) and upper (Sernovodsk) 

series. I n  t h e  Makhachkalin s e r i e s  t he  Upper Chokraksk horizon i s  
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r ep resen ted  by seams o f  c l a y  and sandstone, d i s t i n g u i s h e d  by a high degree of  

sandiness  and constant  t h i ckness  (500-700 m). 

In c o n t r a s t  t o  t h e  Chokraksk depos i t s ,  t h e  rocks  of t h e  Karagansk 

horizon a r e  c h a r a c t e r i z e d  by a high content  of a r g i l l a c e o u s  and arenaceous 

s t ra ta .  The th i ckness  o f  t h e s e  formations var ies  wi th in  narrow l i m i t s  - -  
fro" 370 t o  450 m. 

Sarmatian depos i t s  are widespread i n  t h e  Sulak River area, i n  t h e  

environs o f  Makhachkala, and are t r a c e d  i n  t h e  form o f  mushrooms and r idges  

on t h e  maritime p l a i n  o f  Southern Dagestan. Their  t o t a l  t h i ckness  reaches 

800-1,900 m. The Sarmatian l a y e r  i s  composed o f  c l ays  which become sand- 

s tones ,  t o  t h e  sou th ,  with seams o f  calcareous a l e u r o l i t e s .  

Meotic s t a g e  depos i t s  a r e  found only i n  t h e  Sulak River region where 

they are r ep resen ted  by a 400-500 m t h i c k  l a y e r  o f  sandy c l ays  and sandstones 

Marls, c l a y s ,  and sandstones predominate i n  the  upper p r o f i l e .  

Pl iocene rocks a r e  l i m i t e d  t o  a r e a s  of  l a r g e  s c a l e  subsidence.  In t h e  

a reas  o f  Northern Dagestan, Pl iocene depos i t s  a r e  e s p e c i a l l y  we l l  developed 

on t h e  southern s lope  o f  t h e  piedmont depression.  

has t h r e e  subd iv i s ions :  a lower and middle corresponding t o  the  c o n t i n e n t a l  

l a y e r  o f  t h e  Pont ic  s t a g e ,  and an upper, i nc lud ing  t h e  Akchagil and 

Apsheron s t a g e s ,  which i s  composed o f  f resh-water  c o n t i n e n t a l  rocks.  The 

Akchagil s t r a t a  a r e  developed i n  t h e  Sulak River region where they form a 

300-350 meter t h i c k  arenaceous-argi l laceous l a y e r  con ta in ing  conglomerates 

and gravel  i n  t h e  upper p a r t .  

The Pliocene d i v i s i o n  

Quar t e rna ry  rocks a r e  most common on t h e  maritime p l a i n  and i n  t h e  

r av ines  and r i v e r  v a l l e y s  i n  t h e  fomr of  marine and c o n t i n e n t a l  formations.  

The P le i s tocene  i s  r ep resen ted  by d e t r i t a l  l imestones,  conglomerates, 

sandstones,  and c l ays .  The f i r s t  marine t e r r a c e  i s  composed o f  loams, sandy /31 
loams, snads , and sometimes weakly cemented craggy limestones o f  t h e  

Khvalynsk s t a g e .  The Holocene i s  represented by the  Neocaspian s t a g e ,  t h e  

d e p o s i t s  o f  which c o n s i s t  o f  sand,  incoherent  coquina, and a l e u r o l i t e  d i s -  

t r i b u t e d  i n  a narrow s t r i p  (1-2 km) along t h e  l i t t o r a l  of t h e  Caspian Sea. The 

Neocaspian depos i t s  form r i d g e s  o f  maritime dunes over  a cons ide rab le  p a r t  
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of t h e  l i t t o r a l .  A l l  t h e s e  terraces are composed o f  sand, conglomerate, 

and g rave l .  Deluvial  d e p o s i t s  are u s u a l l y  l o e s s - l i k e  loams. Ea r ly  

Quartenary rocks i n  Northern Dagestan vary i n  th i ckness  from 400 t o  520 m. 

Hydrology 

Correspondjng t o  t h e  g e o l o g i c - s t r u c t u r a l  f e a t u r e s ,  two l a r g e  hydro- 

geo log ica l  regions can be d i s t i n g u i s h e d  i n  Dagestan: 

1. The northern,  i nc lud ing  the  Dagestan P l a i n  and corresponding t o  t h e  

sou theas t e rn  p a r t  of t h e  Tersk-Kumsk a r t e s i a n  b a s i n  

2 .  The southern,  i nc lud ing  t h e  Dagestan Piedmont, which belongs,  

b a s i c a l l y ,  t o  t h e  Greater Caucasus region,  with t h e  except ion of t h e  narrow 

s t r i p  of t he  Caspian Lowlands, and corresponding t o  t h e  Dagestan a r t e s i a n  

b a s i n .  

The Tersk-Kumsk a r t e s i a n  b a s i n  i s  considered a superimposed b a s i n  i n  

r e l a t i o n  t o  t h e  l a r g e r  Eastern Caucasian bas in .  Meso-Cenozoic d e p o s i t s  are 

involved i n  i t s  s t r u c t u r e .  Water-permeable rocks of t h e  Meso-Cenozoic 

sedimentary l a y e r  form s e v e r a l  aquiferous complexes of r eg iona l  e x t e n t .  

D r i  11 ho les  i n  t h e  Bazhingan and Yuzhno-Sukhokumskaya areas r evea led  

Middle J u r a s s i c  and Upper J u r a s s i  c-Lower Cretaceous aquiferous complexes. 

L i t h o l o g i c a l l y  they a r e  r ep resen ted  by t e r r igenous  d e p o s i t s  (sandstones and 

conglomerates).  In t h e  c e n t r a l  p a r t  of  t h e  b a s i n  t h e  waters  i n  t h e s e  com- 

plexes a r e  cha rac t e r i zed  by considerable  m i n e r a l i z a t i o n  (50-150 g / l )  , and 

they can be c l a s s i f i e d  as calcium ch lo r ide  b r i n e s .  For example, i n  d r i l l  

ho le s  i n  t h e  

J u r a s s i c  aqu i f e r s  reaches 134 g / l ,  and t h a t  i n  the  Lower Cretaceous 

a q u i f e r s  i s  126 g/1 (Kissin,  1964). 

Russkiy Khutor a r e a  mine ra l i za t ion  o f  t h e  waters i n  t h e  Middle - /32 

The gene ra l ly  p reva len t  Upper Cretaceous aquiferous complex i s  confined 

t o  a l a y e r  of f r a c t u r e d  l imestones.  I t  i s  cha rac t e r i zed  by a considerable  

abundance of water i n  t h e  rock and a low m i n e r a l i z a t i o n  (up t o  36-60 g / l  i n  

t h e  submerged p o r t i o n s )  i n  comparison with t h e  deeper- lying complexes. I t  

i s  d i s t ingu i shed  from them by an a rg i l l aceous  l a y e r  o f  a p t a l l  [Note: Term 

undefined].  
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The aquiferous p rope r ty  o f  t h e  Pliocene-Eocene rocks is  not  uniform. 

Water from t h i s  complex i n  t h e  Bazhigan area was of t h e  sodium s u l f a t e  type 

with 34 g/1 mine ra l i za t ion .  Highly mineral ized waters  were a l s o  discovered 

i n  t h e  o t h e r  a r e a s .  

The Maykopian a q u i f i e r o u s  complex is  p a r t i c u l a r l y  well developed i n  t h e  

t e r r i t o r y  s t u d i e d  b u t  i t s  hydrogeological s i g n i f i c a n c e  is  no t  g r e a t .  I t  

i nc ludes  s e v e r a l  water-bear ing horizons confined t o  l a y e r s  of  sandstone. 

The number and capac i ty  of  t h e s e  horizons inc reases  northward from t h e  

piedmont p l a i n  where t h e  Maykopian depos i t s  (p r imar i ly  a r g i l l a c e o u s  rocks 

i n  t h i s  a r ea )  crop out  on t h e  s u r f a c e .  The m i n e r a l i z a t i o n  of  t h e  waters 

from t h e  Maykopian depos i t s  v a r i e s  w i th in  cons ide rab le  l i m i t s ,  depending on 

t h e  depth of t h e  s t r a t a  and t h e  degree o f  pe rmeab i l i t y  of  t h e  water-bearing 

rock. The h ighes t  mine ra l i za t ion  was found i n  the  ho le s  of t he  Sukhokumskaya 

a r e a  ( 2 8  g/1);  it diminished toward t h e  no r theas t  t o  8-18 g/1 (Bazhigan). 

Lying h ighe r  along t h e  p r o f i l e ,  t h e  Middle Miocene (Chokraksk and 

Karazansk), Upper Sarmation, Pl iocene,  as wel l  as  t h e  Akchagyl'sk, 

Apsheronsk , Bakinsk, and Kharzarsk aquiferous complexes a r e  c h a r a c t e r i z e d  

by low c a p a c i t i e s ,  shallow depths ,  and good f i l t r a t i o n  p r o p e r t i e s .  The 

waters of  t hese  complexes a r e  weakly mineral ized and c h a r a c t e r i z e d  by 

d i f f e r e n t  chemical compositions,  bu t  sodium hydrocarbonate waters predominate. 

Within t h e  borders  o f  t h e  Dagestan a r t e s i a n  b a s i n  a r e  seve ra l  bas ins  

of secondary rank,  confined t o  t h e  Karamayaul t rough,  t h e  Buynak s y n c l i n e ,  

t h e  Sanursk depression,  and o t h e r s .  The same water-bear ing complexes a re  

involved i n  i t s  s t r u c t u r e  t h a t  a r e  found i n  t h e  Tersk-Kumsk bas in .  The 

super-  Yaykopian aquiferous complexes a r e  t h e  most s t u d i e d  of  t hese  s i n c e  

the  o l d e r  d e p o s i t s  were r evea led  only on p o r t i o n s  o f  t he  a n t i c l i n e s ,  and i n  

t h e  c e n t r a l  p a r t s  o f  t he  b a s i n  they  a r e  deeply bu r i ed .  For example, i n  

Karaman ( the  a x i a l  p o r t i o n  of  t h e  b a s i n ) ,  a ho le  4 ,437  m deep was s t i l l  

i n  the  Chokraksk d e p o s i t s .  

( t he  Chokraksk and Karagansk) a r e  r ep resen ted  l i t h o g r a p h i c a l l y  by a l e u r o l i t e s ,  

sandstones,  and sands with i n t e r s t r a t i f i c a t i o n s  of  agrillaceous-carbonaceous 

rocks.  Their th i ckness  decreases  i n  t h e  n o r t h e r l y  d i r e c t i o n  toward t h e  

Dagestan P l a i n ,  reaching a maximum i n  t h e  piedmont b e l t  ( i n  t h e  a r e a  o f  

The t h i c k e s t  o f  t h e  super-Maykopian complexes 
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Makhachkala and Karaman). The high pe rmeab i l i t y  o f  t h e  arenaceous rocks 

i n  these  horizons r e s u l t s  i n  a high rate of  d i scha rge  from t h e  wells and a 
r e l a t i v e l y  low mine ra l i za t ion  o f  t h e  water .  

t h e  depth o f  t he  Chokraksk horizon around 1,600 m t h e  water mine ra l i za t ion  

i s  3 .3  g / l ;  i n  t h e  Karazansk horizon a t  1,490 m i t  is  3 . 5  g / l .  

For example, i n  Makhachkala a t  

The h ighe r  l y i n g  aquiferous complexes o f  t h e  Pl iocene d e p o s i t s  contain 

water with low m i n e r a l i z a t i o n  and se rve  as t h e  wa te r  supply.  

A s tudy  of  t h e  recharge,  flow and d i scha rge ,  t h e  r e s u l t s  of  which are 

c o r r e l a t e d  i n  t h e  works of  S .  A. Shagoyants, I .  G .  Kis in ,  and o t h e r  a u t h o r s ,  

shows t h a t  t he  recharge of t h e  water-bearing complexes of  t h e  above two 

a r t e s i a n  bas ins  t akes  p l ace  i n  the  piedmont o f  t h e  Caucasian Range and 

t h e  discharge-- in  t h e  sunken a r e a s  of  t h e  Caspian Lowlands. Many i n v e s t i -  

g a t o r s  suggest t h a t  a v e r t i c a l  f i l t r a t i o n  o f  t h e  water  occurs  i n  t h e  p l a i n s  

s e c t i o n  of Dagestan from the lower ly ing  a q u i f e r s  through t h e  r e l a t i v e l y  

impermeable rocks i n t o  t h e  upper aqu i f e r s .  In connection with t h i s  it is  

p o s s i b l e  t h a t  an exchange of  water i s  a c t i v a t e d  i n  t h e  deep water-bearing 

horizons a l s o ,  i n  t h e  Chokraksk and Karazan ho r i zons  f o r  example. 

Waters o f  t h e  sub-Maykopian aquiferous complexes i n  t h e  submerged 

a reas  of t h e  Tersk-Kumsk and Dagestan bas ins  a r e  c h a r a c t e r i z e d  by a high 

degree o f  m i n e r a l i z a t i o n ,  from 136 t o  34 g / l ,  and sodium c h l o r i d e  com- 

p o s i t i o n ,  and form a zone o f  very slow water  exchange. The a q u i f e r s  o f  

t h e  Maykopian l a y e r  i n  t h e  a x i a l  p o r t i o n  o f  t h e  b a s i n  (Karaman) a l s o  belong 

t o  t h i s  very slow exchange zone. The a q u i f e r s  of  t h e  h i g h e r  l y ing  Chokraksk- 

Karagansk and Samartian d e p o s i t s  a r e  c h a r a c t e r i z e d  by a lower mine ra l i za t ion  

(up t o  20 g / l )  and belong t o  t h e  zone of slow water  exchange. 

complexes o f  t he  Pliocene depos i t s  have t h e  lowest mine ra l i za t ion  and belong 

t o  t h e  zone of a c t i v e  water  exchange. 

The aquiferous 
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CHAPTER I11 

GEOTHERMAL GRADIENT 

In  t h e  s tudy  of t h e  geothermal condi t ions i n  t h e  Eastern Caucasus t h e  

i n v e s t i g a t i o n s  of  F. A. Makarenko, D. I .  D'yakonov, A .  Ya. Dubinskiy, 

G .  M. Sukharev, A. S. Dzhamalova, V. M. Nikolayeva, V. A. Pokrovskiy, B. G. 

Polyak, V. N .  Kortsenshtein,  I .  G .  K i s s in ,  and o the r s  have played an 

important  r o l e .  

t e r r i t o r y  being s t u d i e d  were q u i t e  thoroughly and o b j e c t i v e l y  i l l umina ted  

i n  t h e i r  works, which f r e e d  us from the  n e c e s s i t y  o f  r e g i o n a l  geothermal 

a n a l y s i s .  But i n  t h e  exact  c a l c u l a t i o n s  of  t h e  thermal flow it  was not  

always p o s s i b l e  t o  make use of  p rev ious ly  e s t a b l i s h e d  values  f o r  t h e  geo- 

thermal g rad ien t s  s i n c e  i n s u f f i c i e n t  a t t e n t i o n  was given i n  t h e  previous 

works t o  eva lua t ion  of t h e  equiponderance o f  t hese  v a l u e s .  Often they  were 

der ived from e x t r a p o l a t e d  temperatures o r  determined according t o  thermal 

logging m a t e r i a l  without any eva lua t ion  of t h e i r  q u a l i t y .  Therefore w e  

devoted primary a t t e n t i o n  t o  c l a r i f i c a t i o n  of  t h e  magnitudes o f  t h e  v e r t i c a l  

temperature g r a d i e n t s  corresponding t o  t h e  n a t u r a l  thermal f i e l d  i n  t h e  

p o r t i o n s  of  t h e  p r o f i l e  s t u d i e d  i n  1 2  areas: Gasha, Izberbash, Kaspiysk, 

Makhachkala, Sulak , Babayurt , Karaman, Yuzhno-Sukhokumskaya , Russkiy Khutor , 
Solonchakovaya , Stepnaya , and Bazhigan. 

The s p a t i a l  p r i n c i p l e s  o f  t h e  geothermal f i e l d  wi th in  t h e  

Evaluation o f  t h e  Qua l i ty  o f  t he  Factual  Ma te r i a l  

Evaluation of t h e  geothermal condi t ions of t h e  region,  exposure of  t h e  

p r i n c i p l e s  of temperature changes with depth within t h e  range measured , t h e  

p o s s i b i l i t y  of temperature e x t r a p o l a t i o n  wi th in  i t s  l i m i t s ,  and o t h e r  geo- 

thermal s t r u c t u r e s  must be based , above a l l ,  on q u a l i t y  thermometric m a t e r i a l .  

From t h i s  p o i n t  o f  view, an a n a l y s i s  of t h e  condi t ions under which t h e  - /35 
measurements are made i s  very important .  The d r i l l i n g  of wells d i s t u r b s  t h e  

n a t u r a l  cond i t ions  of  hea t  transfer, which d i s t o r t s  t h e  p i c t u r e  of  t h e  

temperature d i s t r i b u t i o n  according t o  depth.  

In eva lua t ing  the  temperature g rad ien t s  w e  proceeded according t o  the  

q u a l i t y  o f  t h e  d i f f e r e n t  m a t e r i a l s :  thermal logging diagrams , r e s u l t s  of  
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spo t  measurements by maximum thermometer i n  wells wi th  a s t eady  thermal  

regimen, and d a t a  on temperature  measurements with a maximum thermometer 

i n  hydrogeological  and p rospec t ing  t e s t i n g  o f  wells.  

Thermal logging d a t a  are n o t  completely r e l i a b l e  because o f  i n su f -  

f i c i e n t  s t a b i l i z a t i o n  o f  t h e  wel ls ,  and w e  employed it only i n  t h e  event  it was 
p o s s i b l e  t o  c a l c u l a t e  t h e  equal  importance of  t h e  geothermal g rad ien t s  by 

comparing t h e  r e s u l t s  o f  several observa t ions .  

Numerous thermometric d a t a  were obtained i n  hydrogeological  and i n d u s t r i a l  

i n v e s t i g a t i o n s .  Temperature measurements of  t h e  water  e n t e r i n g  t h e  wells , 
made a t  depths  no more than  50-70 m above t h e  f i l t e r ,  a r e  s u f f i c i e n t l y  exac t  

t o  r e f l e c t  t h e  n a t u r a l  temperature  i n  t h e  stratum being  t e s t e d .  

Before d r i3  l i n g ,  t h e r e  e x i s t s  i n  each elementary l a y e r  a v e r t i c a l  

thermal flow which corresponds t o  t h e  a r r i v a l  o f  h e a t  from t h e  l a y e r  below 

and i t s  genera t ion  (accumulation) i n  t h e  given l a y e r .  These thermal  condi t ions  

cannot be maintained i n  t h e  s h a f t  o f  a we l l ,  b a s i c a l l y  because o f  changes 

i n  t h e  thermal conduct iv i ty  of  t h e  medium. 

In  a l l  ca ses ,  i f  t h e  well i s  only l i n e d  wi th  d r i l l i n g  mud o r  cased,  t h e  

condi t ions  o f  h e a t  exrhange a r e  a l t e r e d  no t  only i n  t h e  w e l l  i t s e l f  b u t  a l s o  

i n  t h e  p a r t  ad jacent  t o  t h e  s h a f t .  

p ipe  metal  or t h e  cement cas ing  i s  considerably h i g h e r  than  t h a t  of  t h e  

rocks,  while t h e  h e a t  exchange condi t ions  a r e  b e t t e r  i n  t h e  d r i l l i n g  mud 

than  i n  t h e  surrounding l a y e r  of rock. A l l  t h i s  corresponds t o  an i n t e n s i f i e d  

outflow o f  hea t  from t h e  bottom hole  t o  t h e  s u r f a c e  and r e s u l t s  i n  a reduct ion  

of  t h e  temperature i n  t h e  a r e a  o f  t h e  bottom ho le  i n  comparison t o  t h e  

surrounding rocks.  

The thermal conduc t iv i ty  of  t h e  d r i v e  

The degree t o  which t h e  temperature i s  d i s tu rbed  depends on t h e  toughness 

o f  t h e  rock i n  which t h e  we l l  i s  be ing  d r i l l e d ,  t h e  du ra t ion  o f  t h e  d r i l l i n g ,  

temperature o f  t h e  d r i l l i n g  mud, and t h e  depth and diameter  o f  t h e  h o l e .  The 

t ime necessary t o  r e e s t a b l i s h  equi l ibr ium,  c a l l e d  t h e  we l l  s t a b i l i z a t i o n  t ime,  /36 

depends on these  f a c t o r s .  
- 

The c i r c u l a t i o n  o f  a f lu sh ing  f l u i d  i n  t h e  wel l  produces a fundamental 

d i s turbance  o f  t h e  n a t u r a l  temperature  regimen (E. Bul la rd ,  Dzh. Eger, 
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E. A. Lyubimova, and o t h e r s ) .  The geothermal g rad ien t  along t h e  s h a f t  i s  

equal ized;  an i n c r e a s e  i n  t h e  temperature i n  comparison with the  normal i s  

observed i n  i t s  upper p o r t i o n ,  and a decrease,  on t h e  o t h e r  hand, i n  t h e  

lower p a r t .  

Calculat ions show t h a t  i n  p r e c i s e  geothermal measurements t h e  time which 

t h e  wel l  must s t a n d  t o  achieve thermal equ i l ib r ium i s  considerably g r e a t e r  

than t h e  time requ i r ed  f o r  c i r c u l a t i o n  o f  t h e  d r i l l i n g  mud t o  a given depth.  

For t he  measurement o f  rock temperatures with r e l a t i v e  accuracy, t o  0 .01  f o r  

example, t h e  necessary s t and ing  time must exceed the  c i r c u l a t i o n  time o f  t he  

f lu sh ing  f l u i d  10-20 times. The r e s u l t s  o f  f u l l  s c a l e  observat ions con- 

f i r m  t h a t  t h e  s t and ing  time v a r i e s  w i th in  broad l i m i t s ,  from s e v e r a l  weeks 

up t o  2 - 3  yea r s .  

The pe r iod  of  time €or which a well  must s t a n d ,  following d r i l l i n g ,  u n t i l  

t he  n a t u r a l  thermal f i e l d  i s  r e e s t a b l i s h e d ,  has  been est imated t h e o r e t i c a l l y  

by a number of  i n v e s t i g a t o r s  (E. Bul lard,  Dzh. Eger, A .  Lachenbruch, M. Brewer, 

V.  N .  Dakhnov, D. I .  D'yakonov, I .  M. Kutasov). Several  schemes were 

examined s impl i fy ing  p r e s e n t a t i o n s  o f  t h e  d i s tu rbance  processes  produced 

by d r i l l i n g  and by the  c i r c u l a t i o n  of  d r i l l i n g  mud. 

D r i l l i n g  condi t ions vary f o r  d i f f e r e n t  c o u n t r i e s  and a r e a s .  In diamond 

d r i l l i n g  t h e  s h a f t s  a r e  p r i m a r i l y  o f  small  diameter ,  which considerably 

reduces the  consumption o f  d r i l l i n g  mud. This r e s u l t s  i n  a reduct ion of  

t h e  rock temperature d i f f e r e n c e  a s  we l l  as t h a t  of  t h e  mud, i . e . ,  a 

r educ t ion  of  t he  d i s tu rbance .  In a d d i t i o n ,  t h e  r a t e  o f  p e n e t r a t i o n  i s  

inc reased  and the  s t a b i l i z a t i o n  pe r iod  shortened.  Dzh. Eger presented some 

i n t e r e s t i n g  d a t a  i n  1961 on t h e  reestabl ishment  of t h e  temperature regimen 

i n  such wells.  I t  was shown t h a t  t h e  geothermal g rad ien t  was measured with 

an accuracy o f  up t o  5% o f  i t s  t r u e  value i n  s h a f t s  of  1 .9  c m  r a d i u s  and 

a t  a depth of  530 m a f t e r  18 h r s  of  s t and ing ;  a t  t h a t  time t h e  abso lu te  

temperatures a long t h e  s h a f t  o f  t h e  well s t i l l  d i f f e r e d  no t i ceab ly  from t h e  

n a t u r a l  temperatures o f  t h e  rock mass. In p r e c i s e  geothermal i n v e s t i g a t i o n s  

i n  which changes i n  t h e  thermal flow are manifested,  i t  i s  necessary t o  /37 
consider  t h e  a c t u a l  d r i l l i n g  cond i t ions  which c h a r a c t e r i z e  t h e  given r eg ion .  ' 
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The geothermal g rad ien t  i s  a d i f f e r e n t i a l  q u a n t i t y ,  t h e r e f o r e  

reestabl ishment  of  i t s  t r u e  value d i f f e r s  from t h e  process  of  t h e  

rees tab l i shment  of  temperatures  along t h e  well  s h a f t .  Evaluat ion of t h e  

equiva len t  temperature  g r a d i e n t s  was made by t h e  "dual thermogram" method 

developed by I .  M.  Kutasov (Kutasov, Lyubimova, F i r sov ,  1966) f o r  p r e d i c t i n g  

n a t u r a l  rock temperatures .  

two temperature d i s t r i b u t i o n s  , each of which i s  recorded under t h e  condi t ion 

o f  i n s u f f i c i e n t  s t a b i l i z a t i o n  of t h e  we l l .  

- t2,1; t" = t 2 , 2 ) ,  t he  taken a t  d i f f e r e n t  pe r iods  of  s t a b i l i z a t i o n  ( t '  - 

method permi ts  p r e d i c t i o n  of t h e  cons tan t  n a t u r a l  temperatures .  
t h a t  

This  method i s  based on u t i l i z i n g  d a t a  concerning 

With two thermograms (T 1' T2) .  

2 
I t  was der ived ,  

T n  = Tz + T(TI - T2)r 

t h e  c o e f f i c i e n t  o f  c o r r e l a t i o n  i s  found from t h e  equat ion  

t l ;  n 2  = t2,2: tl;  D1 = 1.1925; D where : 

c i r c u l a t i o n  time of t h e  d r i l l i n g  mud t o  a given depth;  E .  (- x) i s  t h e  

i n t e g r a l  exponenti  a1 . 

= 0.7532; t l  i s  the  = t 2 , 1 :  2 

1 

In those  cases where we d id  not  have r e l i a b l e  d a t a  i n  t h e  form o f  spo t  

temperature measurements i n  long-standing wel ls ,  w e  employed e x i s t i n g  thermal 

logging ma te r i a l  f o r  computation o f  t h e  equiva len t  g rad ien t s  by the  "dual 

thermogram" method, which i s  s u f f i c i e n t l y  simple and e f f e c t i v e  i n  our opinion.  

Spec ia l  Features  of  t h e  Geotemperature Regimen i n  t h e  Dagestan Regions Studied ~~~ 

We s h a l l  determine b r i e f l y  t h e  geotemperature regimen of  t h e  a reas  

s tud ied .  

Karaman. Severa l  thermograms were taken i n  t h e  Karaman-I we l l  i n  t h i s  

a r ea .  The i n t e r v a l  o f  2,800-4,000 m was determined by a t h r e e f o l d  thermal - /38 
measurement: 16 December, 1965; 28 February,  1966; and 16 March, 1966. The 

equiva len t  g rad ien t  was determined by t h e  "dual thermogram" method (Figure 2 ) .  
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Figure 2 .  Resul ts  o f  computation of  
t h e  n a t u r a l  temperatures of t h e  rock 
along t h e  Karaman-I we l l  s h a f t  a t  
2,800-4,000 m depths by t h e  "Dual 
Thermogram" method. 

T1, observat ions of  16 December, 1965; 

T2,  observat ions of 16 March, 1966; 
Tn, computed temperature.  

The first measurements 

were made 0.25 days after t h e  

completion o f  t h e  d r i l l i n g  

process  and t h e  t h i r d  set  o f  

measurements was made 90 days 

af ter  completion. Later, 

following a prolonged i n t e r -  

r u p t i o n ,  d r i l l i n g  was resumed 

b u t  i n  view o f  t h e  fact  t h a t  

t h e r e  was no information con- 

cerning t h e  reestabl ishment  

of t h e  temperature f i e l d  i n  t h e  

w e l l  a t  depths g r e a t e r  than 

4,000 m (one thermolog was 

made of t h e  i n t e r v a l  4,000- 

4,437 m be fo re  t h e  we l l  was 

s u f f i c i e n t l y  s t a b i l i z e d ) ,  

re e s  t ab 1 i s hmen t o f t he  t empe ra- 

t u r e  f i e l d  was examined only - /39 
f o r  t he  2 , 800-4,000-m i n t e r v a l .  

The formulas employed a r e  

given above. I n  t h i s  case 

t = 0.25 days , and t = 
2 , 1  2 , 2  

90 days.  The value t l  was 

c a l c u l a t e d  f o r  a uniform rate 

o f  d r i l l i n g  within the  i n t e r v a l  o f  2,800-4,000 m. I t  i s  known t h a t  d r i l l i n g  

of t h i s  i n t e r v a l  took a p e r i o d  of 250 days. 

The dependence of t h e  value t on the  running depth of  t h e  hole  H may be 1 
expressed by the  fol lowing equat ion:  

H - 2800 1. 
1207 

tl  = 250(1 - 

The r e s u l t s  o f  t h e  c a l c u l a t i o n  o f  t he  values  y t  and Tn according t o  t h e  given 

formulas a r e  presented i n  Table 7 and r e f l e c t e d  i n  Figure 2 .  
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As was t o  be expected, i n  t h e  nea r  v i c i n i t y  o f  t h e  bottom ho le  t h e  

c o e f f i c i e n t  of c o r r e l a t i o n  y r a p i d l y  approaches 0.  

T tends toward T as it approaches t h e  bottom ho le .  
As a r e s u l t  of t h i s ,  

2 n 

The average temperature g rad ien t  across  t h e  whole p r o f i l e  under s tudy  

v a r i e s  from 0.023 t o  0.04 "C/min. 

T I -  T d .  
*C 

f 5 , 5  -+ 4,8 
f 2,7 
f 1,0 
- 4,0 
- 2,3 - 2 ,3  
- 3,6 

1- 9,0 
- 6,O 

--10,7 
--!6,0 
--17,3 

TABLE 7. RESULTS OF THE ANALYSIS OF TEMPERATURE 

THERMOGRAM" METHOD 
DATA ON THE KARAMAN WELL BY THE ''DUAL 

'I 

0,30i 
0,289 
0,275 
0,258 
0,241 
0,221 
0,201 
0 , l X  

0,124 
0,?52 

0,092 
0,063 
0,008: 

H 

- 
2800 
2900 
3000 
3100 
3200 
3300 

3500 
3600 
3700 
3800 
3900 
4000 

%A00 

T i .  OC 
(tz,l = o.2sday: 

9$,6 

96,8 
98,7 

93,4 

99,7 
101,2 

102,s 
103,5 

105,6 
106,3 
108,5 
105,3 
108,7 

T i ,  'C 
(t,,, = 90 da 
- -- 

89,i  

94,l  
97,7 

100,7 
103,s 
105,8 
108,4 
411,6 
115,3 

91'6 

119,2 
121,3 
126,O 

7 

(TI--* 

~~ _ _  

-1,57 
-1,38 
-0,73 
-0,26 
+0,24 
+0,51 
+0,46 
+O, 64 
+0,91 

1,12 
0,99 
1 ,oo 
0,15 

Note: Commas i n d i c a t e  decimal p o i n t s .  

T n  

87,5 
90,2 
93,4 
97,4 

100,9 

109,o 

120,2 
122,3 

104,O 
106,3 

112,5 
116,4 

12G.2 

Makhachkala. Two thermograms were taken,  on 27 February 1966 and 

1 2  March 1966, i n  wel l  215 of t h i s  a r e a  a t  100-1,750 m depths (Figure 3 ) .  

The equiva len t  g rad ien t s  o f  temperature were ca l cu la t ed  on t h e  b a s i s  o f  t hese  

d a t a .  The well was i n v e s t i g a t e d  a t h i r d  time a t  t he  1,400-1,700 m i n t e r v a l  

a f t e r  a two month s t a b i l i z a t i o n  pe r iod .  The der ived  va lues  o f  t h e  g rad ien t  

agree with t h e  equiva len t  values  ca l cu la t ed  from t h e  foregoing d a t a  by t h e  

"dual thermogram'' method. Here they vary from 0.022 t o  0.031 " C / m .  
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Figure 3. Temperature changes 
with depeh i n  t h e  Makhachkala- 
215 we l l .  

So l id  l i n e ,  s t a b i l i z a t i o n  time 
of t h e  we l l  be fo re  measurement = 
10 h r s ;  do t t ed  l i n e ,  s t a b i l i -  
zat ion time = 13 days. 

Figure 4 .  Temperature changes with 
depth i n  t h e  Izberbash a r e a .  

a,  Well 2 - R ;  b ,  Well 235(1), w e l l  237 ( 2 ) .  

'i, 
Figure 5. Temperature changes with depth 
i n  t h e  Gasha a r e a .  a: 1, s p o t  measure- 
ments o f  temperature i n  hydrogeological 
i n v e s t i g a t i o n s ;  2 ,  thermolog r e s u l t s  from 
well  29; b:  3 ,  t he  same f o r  we l l  2 ,  
s t a b i l i z a t i o n  time = 10 h r s ;  4 ,  t h e  same, 
s t a b i l i z a t i o n  time = 10 days. 
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Izberbash. A l a r g e  number of r e s u l t s  of 

s p o t  measurements and thermograms e x i s t  f o r  

t h i s  area, which were taken i n  var ious we l l s  

(Figure 4 ) .  The n a t u r a l  temperatures of t h e  

rock were ca l cu la t ed  from t h e  d a t a  o f  obser- 

va t ions  over many yea r s  i n  t h e  operat ing wel l  

2-P (Figure 4, a ) .  The average equivalent  

g rad ien t  was c a l c u l a t e d  f o r  t h e  10-140 m 
i n t e r v a l  ( i t  i s  0.034 "C/m) . Thermograms were 

taken i n  ad jacen t  wells 237 and 235 with a Figure 6 .  Changes of  
Temperature i n  Relat ion 
t o  Depth i n  t h e  one-month s t a b i l i z a t i o n  (Figure 4,  b ) .  The 
Kaspiysk F ie ld  (Well temperature g rad ien t s  eva lua ted  according t o  

it i n  t h e  1,216'1,962 m i n t e r v a l  vary from 

0.013 t o  0.018 "C/m. 

NO.  3-T). 

Gasha. A l a r g e  number of  thermometric measurements were made i n  t h i s  

area (Figure 5 ) .  In t h e  2,130-3,140 m i n t e r v a l ,  where the thermal flow was 

s tud ied ,  t he  g rad ien t  values  determined by the  thermogram o f  well 29 and those 

by t h e  spo t  measurements i n  t h e  adjacent  we l l s ,  made du r ing  t h e  t e s t i n g  of 

the s t ra ta ,  are c lose ,  which confirms t h e  correspondence of t h e  temperature 

d i s t r i b u t i o n  recorded i n  w e l l  29 with t h e  s t a t i o n a r y  thermal f i e l d .  The 

g rad ien t  values  according t o  t h e  thermogram vary from 0.018 t o  0.019 " C / m .  

Kaspiysk. In t h i s  a r e a  spo t  measurements were made with a maximum 

thermometer following a one-month s t a b i l i z a t i o n  i n  wel l  3-T a t  depths of 

100-1,800 m (Figure 6 ) .  The exposure time f o r  each reading was 30 min. In 

t h e  1,420-1,864 m i n t e r v a l ,  where t h e  thermal conduc t iv i ty  of t he  rock was 

s tud ied ,  t h e  temperature g rad ien t  values  v a r i e d  from 0.023 t o  0.05 " C / m .  

Babayurt. Spot measurements were no t  made i n  t h i s  a r e a  and t h e  g rad ien t  /43 
values  were evaluated by the  r e s u l t s  of t h e  thermolog of  well No. 1, made 

a f t e r  one month of s t a b i l i z a t i o n  (Figure 7 ) .  The temperature g rad ien t  i n  

the 500-600 m i n t e r v a l  was 0.019 "C/m. 
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Figure 7 .  Tem- 

Sulak. In  t h i s  area, where t h e r e  was good 

opportuni ty  t o  s tudy  t h e  thermal conduc t iv i ty  of 

the  rock,  no thermometric observat ions were made. 

For c a l c u l a t i o n  of t h e  thermal flow he re  g rad ien t  

va lues  were employed which had been e s t a b l i s h e d  

f o r  t h e  ad jacen t  Karamansk a rea ,  t h e  geologic- 

p e r a t u r e  Changes 
i n  Relat ion t o  
Depth i n  t h e  

hydro log ica l  condi t ions of which are nea r ly  the  

same. I n  the  i n t e r v a l  s t u d i e d  t h e i r  values  va r i ed  

B ab ayur t  F i e  1 d 
(Well No. 1 ) .  

from 0.024 t o  0.025 "C/m.  

For a l l  t h e  i n v e s t i g a t e d  a reas  considered below, 

t h e r e  e x i s t e d  thermograms which were taken wi th  no 

l e s s  than one month's s t a b i l i z a t i o n ,  as well as spo t  measurements o f  t h e  

temperatures .  But i n  a l l  cases  the  equivalency of t h e  g r a d i e n t s  was evaluated 

a d d i t i o n a l l y  by t h e  "dual thermogram" method. 

Yuzhno-Sukhokumskaya. I n  t h i s  a r e a  thermal logs were made of s e v e r a l  

we l l s  which had been inope ra t ive  f o r  per iods o f  from s e v e r a l  days up t o  

11 months, and spo t  measurements were made with a mercury thermometer with one 

month s t a b i l i z a t i o n  and during the  process  o f  t e s t i n g  the s t r a t a .  Thermo- 

me t r i c  observat ions were made a t  depths of  500-3,700 m (Table 8 and Figure 8 ) .  

The equivalent  average geothermal g r a d i e n t ,  determined a f t e r  prolonged 

s t a b i l i z a t i o n  of t h e  wells and evaluated by checking with t h e  "dual thermo- 

g r a " '  method, was 0.04 "C/m f o r  t he  500-2,500 m i n t e r v a l  and 0.024 f o r  t h e  

2,560-3,410 m i n t e r v a l .  For the  2,500-3,700 m i n t e r v a l  which was s tud ied  

thermophysically t h e  equivalent  temperature g rad ien t  was 0.023 " C / m .  

Russkiy Khutor. The rock temperatures he re  a r e  c lose t o  those i n  t h e  

Yuzhno-Sukhokumskaya a r e a .  For example, i n  well No. 13, l oca t ed  i n  t h e  dome 

of t h e  s t r u c t u r e ,  a temperature of 1 2 4  "C was recorded a t  3,080 m ,  and 134 "C 

a t  3,380 m .  I n  well No. 16,  l oca t ed  on the  no r the rn  edge, t he  temperatures,  

measured with a maximum thermometer during t e s t i n g  of t h e  Lower Cretaceous - /44 

o i l -bea r ing  s t ra ta ,  were 113.5 "C a t  2,700 m and 126°C at  3,200 m .  The 

average geothermal g r a d i e n t ,  computed according t o  t h e  equ iva len t  d i s t r i b u t i o n  
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of temperatures  us ing  a l l  e x i s t i n g  d a t a  (Figure 9) ,  was 0.026 "C/m i n  t h e  

po r t ion  o f  t h e  p r o f i l e  s t u d i e d  i n  t h e  Russkiy Khutor a rea .  

L 
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zuw - 

z m  ~ 

3am - 

3500 - 
1 b 

Figure 8. Temperature changes with 
depth i n  t h e  Yuzhno-Sukhokumaskaya 

1, Resul ts  of measurements with a 
mercury thermometer i n  w e l l  No. 4 
a f t e r  1 month of s t a b i l i z a t i o n  
( V . N .  Kortsenshteyn);  2, da t a  ob- 
t a ined  from we l l s  No. 14  and No. 16 
during t e s t i n g  of t h e  s t r a t a ;  3 ,  
r e s u l t s  of thermolog of wel l  No. 2 
i n  product ion t e s t s ;  4 ,  t h e  same, 
a f t e r  11 months s t a b i l i z a t i o n .  

a r e  a .  

So 1 on ch akovay a. Spot me asure  - - /45 

ments o f  t h e  s t ra ta  temperatures  

were made wi th  a maximum thermometer 

i n  wells No. 2 ,  3 ,  and 5 of  t h i s  

a r e a .  The 2,650-3,700 m i n t e r v a l  - /46 
was determined. Maximum temperature  

( a t  t h e  bottom o f  t h e  i n t e r v a l )  w a s  

145". The geothermal g rad ien t  i n  

the  p o r t i o n  o f  t h e  p r o f i l e  s tud ied  

va r i ed  from 0.025 t o  0.017 " C / m .  

Bazhigan. The temperature  

d i s t r i b u t i o n  was s t u d i e d  i n  we l l s  

No. 2 and 4 of t h i s  a r e a  a t  depths  

from 3,600 t o  4,000 m (Figure 10) .  

The geothermal g rad ien t  he re  

v a r i e d  from 0.044 t o  0.036 "C/m. 

Stepnaya. D i s t r i b u t i o n  of  

t h e  equiva len t  va lues  of  t he  rock 

temperatures  i n  t h i s  f i e l d  a r e  shown 

i n  Figure 11. 

Analysis  of t he  e x i s t i n g  

f a c t u a l  d a t a  by the  "dual thermo- 

gram" method made i t  p o s s i b l e  t o  

determine t h e  equiva len t  va lues  of 

t h e  geothermal g rad ien t  a t  d i f f e r e n t  

/47 i n t e r v a l s  of t he  p r o f i l e  f o r  t h e  - 
f i e l d s  under s tudy .  As a r e s u l t ,  

t h e  fol lowing temperature  g rad ien t  

values  ( i n  "C/m) were e s t ab l i shed  

f o r  t h e  t e r r igenous  - carbonaceous 
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rocks of Mesozoic age i n  t h e  d i f f e r e n t  f i e l d s  (deg/m): 

0.18-0.19; Russkiy Khutor (2,335-3,395 m), 0.023-0.033; Yuzhno-Sukhokumskaya 

(2,500-3,730 m ) ,  0.23; Stepnaya (2,500-2,950 m), 0.025; Solonchakovaya 

(2,900-3,552 m ) ,  0.017-0.025. 

Gasha (2,130-3,146 m), 

hid 
Z f f f f f f  

z5ffff 

3000 

3500 

- 
- 

- 

- 

- - 

7; *c 
120 149 

\1 
Figure 9 .  Equivalent d i s -  Figure 1 0 .  Tem- Figure 11. Temperature 
t r i b u t  ion of  temperatures  pe r a t u r e  changes 
with depth i n  t h e  Russkiy with depth i n  the  Stepnaya f i e l d .  
Khutor f i e l d .  t h e  Bazhigan 

changes with depth i n  

f i e l d .  

In  t h e  a rg i l l aceous  rocks of t he  foraminiferous hor izon  and the  

Maykopian formation i n  t h e  Yuzhno-Sukhokumskaya f i e l d  t h e  equiva len t  g rad ien t  

was 0.035 "C/m i n  t h e  1,900-2,300 m i n t e r v a l .  

In t h e  sandstones and arenaceous c lays  of Karagan-Chokraksk age,  the  

temperature g rad ien t s  ( i n  "C/m) i n  t h e  d i f f e r e n t  f i e l d s  a r e  d i s t r i b u t e d  i n  

the  fol lowing manner: Izberbash (576-1,900 m) , 0.016-0.18; Kaspiysk 

(1,420-1,864 m ) ,  0.023-0.05; Makhachkala (1,400-1,700 m), 0.022-0.031; 

Karaman (3,736-4,437 m), 0.039. 

In t h e  c lays  of Apsheronsk age t h e  va lues  of  t he  temperature  g rad ien t s  

f o r  t h e  Babayurt, Sulak,  and Karaman f i e l d s ,  r e spec t ive ly ,  were 0.019 

(500-600 m ) ,  0.024 (300-500 m), and 0.024 (469-1,051 m). 

Gradients  of  0.36 and 0.042 "C/m were obtained f o r  t h e  marbelized lime- 

s tones  of  t h e  fo lded  bedrock i n  t h e  Bazhigan f i e l d .  

As i s  ev ident  from t h e  d a t a  presented ,  a tendency of  t h e  temperature 

g rad ien t  t o  i n c r e a s e  i n  va lue  wi th in  one and t h e  same l i t h o l o g i c a l -  

s t r a t i g r a p h i c  complex i n  a south  t o  nor th  d i r e c t i o n  can be t r a c e d  i n  t h e  
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grad ien t  d i s t r i b u t i o n  over t he  t e r r i t o r y  s t u d i e d .  This  may be  r e l a t e d ,  

more than  t o  anything else,  t o  the  e f f e c t  o f  t h e  hydrogeological  f a c t o r  

( t h e  southern p a r t  of t h e  t e r r i t o r y  s tud ied  i s  t h e  recharge reg ion ,  and 

t h e  nor thern  p a r t  i s  t h e  reg ion  o f  subterranean dra inage) .  

42 



TABLE 8 .  RESULTS OF TEMPERATURE MEASUREMENTS I N  WELLS I N  THE YUZHNO-SUKHOKUMSKAYA 
EXPLORATION AREA (ACCORDING TO DATA BY A .  I .  KAMYSHNIKOVA, 1963) 

N o .  Date / P e r i o d  Depth, i n  meters - 
, z a t i o n  j 1 

I I I 1 

2 I July,  111 mos. 1 31 '  581 77 

3 
4 \ 1 1  

5 

6 J an 

1 1  

I 1  

i 196 

7 1  
I 1  

I I ' I  I 

"3,200 ' 3 ,350  

-- 

123 

126 

129 I 

123 

127 

-- 

I -- -- 
128 - -  

130 - - I  134 134 

P 
W 



CHAPTER I V  

THERMOPHYSICAL PROPERTIES OF ROCK 

Thermophysical P r o p e r t i e s  of Rocks- and Methods o f  Studying - Them 
(General Information) 

For c o r r e c t  i n t e r p r e t a t i o n  of geothermal d a t a  and t h e  s o l u t i o n  of a 

s e r i e s  o f  problems a s s o c i a t e d  with t h e  u t i l i z a t i o n  of  subterranean hea t  i t  i s  

necessary t o  know t h e  thermal constants  of rock.  The gene ra l i zed  t a b u l a r  

d a t a  presented i n  t h e  l i t e r a t u r e  cannot be used i n  p r e c i s e  c a l c u l a t i o n s  

f o r  t h e  purpose o f  c l a r i f y i n g  t h e  d i s t r i b u t i o n  of  thermal flow according t o  

depth i n  a c t u a l  p r o f i l e s .  

f o r  t h e  thermal conduc t iv i ty  of t h e  rock i n  thermometrically i n v e s t i g a t e d  

depth i n t e r v a l s .  

For t h i s  t h e  i n d i v i d u a l  values  must be determined 

The thermal conduc t iv i ty  o f  non-metal l ic  substances is  determined by 

o s c i l l a t i o n  of t h e i r  c r y s t a l  l a t t i c e .  The c h a r a c t e r i s t i c  of  rock is  contained 

i n  the  f a c t  t h a t  i t  i s  a p o l y c r y s t a l l i n e  compound cons i s t ing  of  s e v e r a l  

components. 

dispersed f l u i d s  i s  always app l i cab le  f o r  desc r ib ing  t h e i r  p r o p e r t i e s .  

Nei ther  t h e  theory of s o l i d  bodies  n o r  t h e  r e l a t i o n s h i p s  f o r  

Geophysical d a t a  concerning t h e  e l ec t ro -conduc t iv i ty  of  t h e  E a r t h ' s  

upper l a y e r s  confirm t h a t  t h e  change i n  t h e  r e s i s t a n c e  of rock which occurs 

with a change i n  temperature i s  similar t o  t h a t  o f  d i e l e c t r i c s ,  i n s u l a t o r s ,  

and semiconductors. Curves of t h e  r e l a t i o n s h i p  o f  thermal conduc t iv i ty  of  

rock t o  temperature are presented i n  Figure 1 2 .  

conduct ivi ty  of rock i s  reduced with t h e  temperature .  I t  i s  known t h a t  t h e  

thermal conduc t iv i ty  of semiconductors a l s o  f a l l s  with t h e  temperature at  

f irst  (Kingery, 1954; Devyatkova, 1957; K i t t e l  ', 1958; I o f f e ,  1960, Figure 13 ) .  

This 

semiconductors and non-metal l ic  compounds t o  the  d e s c r i p t i o n  o f  t h e  thermal 

p r o p e r t i e s  of rock. 

Obviously, t h e  thermal 

analogy makes p o s s i b l e  the  a p p l i c a t i o n s  of t h e  r e s u l t s  of t h e  physics  of  /49 

The thermal conduc t iv i ty  X of non-metals i s  descr ibed i n  t h e  theory of 

s o l i d s  by  t h e  equat ion X = A O/T, where T i s  t h e  c u r r e n t  temperature;  
0 
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0 is t h e  c h a r a c t e r i s t i c  Debye temperature,  depending on t h e  o s c i l l a t i o n  

spectrum of  the  substance;  A i s  a constant  depending on the  c r y s t a l  l a t t i ce  

s t r u c t u r e  (Leybfrid,  1963). Determining X empi r i ca l ly  i t  is p o s s i b l e  t o  use 

t h e  formula f o r  desc r ib ing  the  p r o p e r t i e s  of  rock with an inc rease  i n  

temperature and p res su re .  

0 

0 

Figure 1 2 .  Curves o f  t h e  
r e l a t i o n s h i p  of thermal con- 
d u c t i v i t y  t o  temperature 
(Birch, C l a r k ,  1940). 

D1, D 2 ,  D3, dun i t e s ;  Hy, 

hype r s t enn i t e s ;  B r ,  b r o n z i t e ;  
RG1, RG2,  Rockport g r a n i t e s ;  

B G ,  Barr g r a n i t e ;  QM, 
q u a r t z i t i c  monzonite; Gn, 
gne i s s ;  WG, Westerly g r a n i t e ;  
Sy, s y e n i t e ;  An, a n o r t h o s i t e ;  
To, t o n a l i t e .  

I t  has  been e s t a b l i s h e d ,  t h a t  t h e  

I.cal/ cm sec degree 

Figure 13. Relat ionship of  
thermal conduc t iv i ty  t o  
temperature (Ye. A. Lyubimova 
e t  a l . ,  1946b). 

1, platinum; 2 ,  g r a p h i t e ;  
3, B e O ;  4 ,  MgO; 5 ,  A l 2 O 3 ;  

6 ,  q u a r t z .  

I n v e s t i g a t i o n s  conducted by 

d i f f e r e n t  authors  have shown t h a t  

t h e  composition and s t r u c t u r e  of 

rocks ,  as w e l l  as t h e  thermodynamic 

condi t ions i n  which they a r e  found, 

a f f e c t  t h e i r  thermal conduc t iv i ty .  - /SO 
thermal conduc t iv i ty  o f  sedimentary rocks 

o f  uniform composition depends very s t r o n g l y  on moisture  and p o r o s i t y .  
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In  abso lu te ly  d ry ,  porous m a t e r i a l ,  hea t  t r a n s f e r  may proceed through 

t h e  ha rd  ske le ton  and through t h e  a i r  i n  t h e  rocks.  

an i n t e r n a l  exchange o f  h e a t  between t h e  walls of t h e  pores  i n  the form of 

r a d i a t i o n  from t h e  walls and convection o f  the a i r  i n  the pores .  

There may a l s o  occur 

In  t h e  hea t ing  and cool ing of moist m a t e r i a l s ,  p rocesses  of  heat and 

mass exchange t ake  p l a c e  (Lykov, 1956a) during which the k i n e t i c s  o f  t h e  

hea t  and mass t r a n s f e r  are determined by the  d i f f e r e n c e  o f  t r a n s f e r  p o t e n t i a l s .  

The thermal conduct ivi ty  c o e f f i c i e n t  of  t he  material i n c r e a s e s  i n  proport ion 

t o  t h e  inc rease  of moisture content  (Bab'yev, 1954). Analyzing th i s  r e l a t i o n -  

s h i p  V. D.  Shevel'kov (1958) came t o  t h e  conclusion t h a t  t h e  abrupt  i n i t i a l  

i nc rease  i n  t h e  c o e f f i c i e n t  of  thermal conduc t iv i ty  and thermal d i f f u s i v i t y  

with a r i s e  i n  t h e  moisture  content  of t he  m a t e r i a l  occurs 

because t h e  replacement of a i r  by water improves t h e  thermal contact  between 

the  p a r t i c l e s .  This quest ion w a s  i n v e s t i g a t e d  r epea ted ly  i n  theory,  but  no 

s a t i s f a c t o r y  correspondence with experimental  r e s u l t s  could be achieved. 

Examining hea t  t r a n s f e r  i n  an i d e a l i z e d  s t r u c t u r e ,  A .  F .  Chudnovskiy (1954) 

s e t  up t h e  general  approximation formula 

dX X = X o ( ) W o ,  dWo 

where X i s  t h e  c o e f f i c i e n t  of  thermal conduc t iv i ty  f o r  a moisture-containing 

ma te r i a l ;  Xo is  the  c o e f f i c i e n t  of  thermal conduct ivi ty  f o r  t h e  same material 

i n  t h e  dry s t a t e ;  W is  t h e  volume of moisture i n  %;  and dX/dW i s  the  increment 

i n  t h e  volume of  moisture  by 1% ( s p e c i f i c a l l y  def ined f o r  each ma te r i a l  

experimental ly) .  In  t h e  i n i t i a l  s t a g e  of moistening t h e  thermal conduct ivi ty  

may be considered as a l i n e a r  func t ion  of moisture X = f (W), b u t  with a 50% 

inc rease  and h ighe r  i n  p o r o s i t y  the  theory i n d i c a t e s  a d e v i a t i o n  from a s t r a i g h t  

l i n e a r  dependency. 

0 0 

Some polyempir ical  schemes and mathematical models s t i l l  e x i s t .  For 

example, Horai and Uyeda (1960) make use of Bu l l a rd ' s  formula 
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where $ i s  t h e  thermal conduc t iv i ty  o f  water; K 

o f  s o l i d  p a r t i c l e s ;  v is  t h e  moisture content  by weight (W 

i s  t h e  thermal conduc t iv i ty  s 
weight) ‘ 

where p i s  t h e  d e n s i t y  

Kaufman (1955) proposes 
W 

“weight + - ’weight) pW’p~l 

of water, ps is  t h e  d e n s i t y  of  s o l i d  p a r t i c l e s .  

t h e  formula 

B. I. 

a m = a ( i  + %W . 1CQ ’ 

where f(W) i s  t h e  increment ( i n  %) of  t h e  c o e f f i c i e n t  of  thermal conduc t iv i ty  

of t h e  dry ma te r i a l  f o r  each pe rcen t  o f  volumetric moisture o f  t h e  material .  
i no rgan ic  materials of  mixed composition f (W) = 1.15 - 6.05 y + 14.3,  where y 

i s  t h e  volumetr ic  weight.  The value of Kaufman’s work l i e s  i n  t h e  f a c t  t h a t  

he e s t a b l i s h e s  the  values  f(W) f o r  the ind iv idua l  c l a s s e s  o f  thermal con- 

duc to r s ,  which permits  t h e  effect  of t h e  s t r u c t u r a l  d i f f e r e n c e s  of  a c t u a l  

m a t e r i a l s  on t h e  thermal conduc t iv i ty  t o  be taken i n t o  account.  

For  

In  Figures 14-16 are shown experimental  curves of  t h e  dependency of 

thermal conduc t iv i ty  on p o r o s i t y  and moisture  i n  n a t u r a l  mediums. The 

d i f f e r e n t  na tu re  of  t h e  curves f o r  f i n e  and coarse grained materials, and f o r  

porous and crushed substances,  is  explained by t h e  s p e c i f i c  d i s t r i b u t i o n  of 

water and a i r  i n  t h e  mineral  mass i n  each case.  

We a l s o  c a r r i e d  ou t  s p e c i a l  experiments t o  c l a r i f y  t h e  dependence of 

thermal conduct ivi ty  on t h e  moisture content of rocks.  The dry specimens of 

c lay,  sandstone, a r g i l l i t e ,  and a l e u r o l i t e  have the  lowest thermal conduct ivi ty ,  

1 as would be expected. This  i s  r e l a t e d  t o  t h e  low thermal conduc t iv i ty  and 

thermal capaci tance of t he  a i r  i n  t h e  i n t e r s t i c e s .  Replacement of t h e  a i r  

by water s u b s t a n t i a l l y  inc reases  t h e  thermal conduc t iv i ty .  Our experiments 

i n d i c a t e  t h a t  t h e  thermal conduct ivi ty  o f  rock with n a t u r a l  moisture  content  

exceeds t h a t  o f  t he  dry rock by up t o  15%, and sometimes even up t o  30% ( i n  

water-bearing sandstone) . 
Decrease i n  t h e  thermal conduc t iv i ty  of  rock with an i n c r e a s e  i n  tempera- 

t u r e  amounts t o  0.1-0.3% f o r  l 0 C  f o r  var ious l i t h o g r a p h i c  types ,  according 

t o  measurements by d i f f e r e n t  au tho r s  (Birch, Clark,  Greutzburg, Roy). 
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2, kcal/m*hr O C  

Figure 14. Dependence Figure 15. Dependence 
o f  thermal conductiv- of  thermal conduc t iv i ty  
i t y  on p o r o s i t y  when on moisture content  f o r  
moisture  content  i s  coarse-grained (1) and 
constant  (Ye. A.  f i ne -g ra ined  ( 2 )  
Lyubimova e t  a l .  , m a t e r i a l s  (Ye. A. 
1964b). Lyubimova e t  a l .  , 1964b) 

i%ro?,k cal /cm s e c "c 
35 

Figure 16. Dependence 
o f  thermal conduc t iv i ty  
on moisture  content  
f o r  crushed m a t e r i a l s  
(Horai , Uyeda, 1960). 

Methods f o r  measuring t h e  c o e f f i c i e n t  of  thermal conduc t iv i ty  o f  rocks 

i n  t h e  l abora to ry  have been descr ibed i n  many works (Lykov, 1952, 1956a; 

Lyubimova e t  a l . ,  1964b; Shevel'kov, 1958; Kondrat'yev, 1954; Birch, C l a r k ,  

1940; A.  Beck, J .  Beck, 1958).  They are a l l  based on t h e  s o l u t i o n  o f  t h e  

thermal conduc t iv i ty  equat ion 

d2T , d?T , d?T\ dT A(&? T = p.c-  d-c 

I 

and a r e  divided i n t o  two b a s i c  groups: a) methods of s t eady  thermal flow and /53 
b)  methods o f  v a r i a b l e  thermal flow. The l a t t e r  a r e  sometimes subdivided 

(Shevel'kov , 1958) i n t o  methods of r e g u l a r  thermal regimen , quasi-s teady 

thermal regimen, and methods based on determinat ion of t he  parameters o f  a 

v a r i a b l e  thermal f i e l d  i n  t h e  first s t a g e  of i t s  development. 

Pr imari ly  it i s  t h e  s teady s t a t e  methods which have been developed f o r  

determining t h e  c o e f f i c i e n t  of  thermal conduc t iv i ty .  In  t h e  1880's 
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modif icat ions of them had been worked ou t  which permit ted determinat ion of  

t h e  c o e f f i c i e n t  o f  thermal conduc t iv i ty  o f  d i f f e r e n t  porous materials with 

an accuracy s u f f i c i e n t  f o r  t h a t  t i m e .  

Methods of ~. ~ Steady Thermal Flow 

The methods f o r  determining t h e  c o e f f i c i e n t  of  thermal conduc t iv i ty  of  

materials i n  a s t eady  s t a t e  are based on t h e  equat ion Q = QXAT, where Q i s  
t h e  form-factor c h a r a c t e r i z i n g  t h e  geometric form and dimensions of t h e  

specimen; Q i s  t h e  thermal flow; T i s  the  temperature drop i n  the  t e s t  specimen; 

and h i s  t h e  thermal conduc t iv i ty .  

In i n v e s t i g a t i o n s  by the  method of  s teady thermal flow a thermal flow of 

constant  i n t e n s i t y  i s  passed through a specimen o f  a given geometric form. 

The most common methods f o r  a f l a t ,  s p h e r i c a l ,  o r  c y l i n d r i c a l  s t ra tum 

a r e  based on s o l u t i o n  of t h e  thermal conduct ivi ty  equat ion when dT/d-c = 0. 

The formula f o r  c a l c u l a t i n g  a f l a t  l a y e r  i s :  

f o r  a c y l i n d r i c a l  i t  i s :  

and f o r  a s p h e r i c a l  i t  i s :  

(Q7-7) 1 I 'i 

-~ 
2x (7-1 - T?) ' 

where Q i s  t h e  amount of  hea t  f lowing from one i so the rmic  s u r f a c e  t o  t h e  __ /54 

o t h e r ;  x i s  the  th i ckness  of t h e  s t r a tum;  S i s  the  a r e a  of t h e  p l a t e ;  rl ,  r2 

a r e  t h e  upper and lower r a d i i  o f  a c y l i n d r i c a l  s t r a tum;  and T1 and T 2  are t h e  

temperatures of  two i so the rmic  s u r f a c e s .  

Many experimental  devices  have been designed i n  conformity with these  

mathematical models. The i r  capac i ty  t o  measure the magnitude of thermal flow 

is  d i f f e r e n t  f o r  t h e  d i f f e r e n t  va r i an t s .  Most o f t e n  it i s  computed by 

recording t h e  f o r c e  of t h e  energy being consumed. There are instruments  

which compute the thermal flow by determining t h e  change i n  h e a t  content  
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of  a substance loca ted  i n  thermal contact  with t h e  t e s t  specimen, o r  by 

employing thermometers (Fokin, 1949). For t h e  e l i m i n a t i o n  o f  thermal 

l eaks ,  which a r e  d i f f i c u l t  t o  t ake  i n t o  account,  instruments  are equipped 

with var ious p r o t e c t i v e  devices .  

c a l c u l a t i n g  the  magnitudes o f  h e a t  leaks,  as well as means o f  e l i m i n a t i n g  them. 

For determinat ion of t h e  c o e f f i c i e n t  o f  thermal conduc t iv i ty  i n  i n s u l a t i o n  

materials the  comparative s teady method i s  o f t e n  employed, whereby no pro- 

t e c t i v e  devices a r e  used. In t h i s  case the  thermal flow passes  through t h e  

tes t  specimen and through a c o n t r o l  specimen with a known c o e f f i c i e n t  of 

thermal conduct ivi ty .  

These are proposed as va r ious  means of  

I t  has been e s t a b l i s h e d  t h a t  t h e  in t e rmed ia t e  r e s i s t a n c e  between t h e  

contact ing su r faces  i n  m a t e r i a l s  with low thermal conduc t iv i ty  ( 0 . 8 0 1 0 - ~ -  

1 . 3 8 ~ 1 0 - ~  cal/cm*sec-"C) shows up c l e a r l y  i n  the  r e s u l t s  o f  t h e  measurements. 

Experiments have shown t h a t  i t  i s  impossible t o  c r e a t e  an i d e a l  c o n t a c t ,  

t h e r e f o r e  s p e c i a l  measures must be employed f o r  c a l c u l a t i n g  t h e  gaps.  

e f f e c t  of  gaps i s  accounted f o r  i n  the  method of  F .  Birch and A .  Harri ,  

i n  which an a l t e r n a t e  chambers of t h e  system o f  "heater-specimen-coolerll  is  

employed i n  chambers of  helium and n i t r o g e n .  

The 

In  o t h e r  coun t r i e s  t h e  divided b a r  method developed by A .  E .  Benfield 

i s  widely used t o  s tudy t h e  thermal conduc t iv i ty  of  rocks.  I n  t h i s  method 

the  l e s s - than - idea l  con tac t  between the  specimen and the  measuring system 

is  taken i n t o  account.  

The s teady methods are ab le  t o  determine only t h e  c o e f f i c i e n t  of thermal 

conduct ivi ty ,  which i s  acknowledged as  t h e i r  main d e f i c i e n c y .  The du ra t ion  

of t h e  experiment and t h e  i n e v i t a b i l i t y  of  considerable  r e d i s t r i b u t i o n  of 

moisture i n  t h e  i n v e s t i g a t e d  m a t e r i a l  make t h e s e  methods d i f f i c u l t  t o  use 

f o r  determining t h e  thermophysical p r o p e r t i e s  of moist  m a t e r i a l s .  Other 

weaknesses of  t hese  methods a r e  t h e  time requ i r ed  t o  e s t a b l i s h  a s teady 

s t a t e  (3-8 hours) ,  as a r e s u l t  of which a migrat ion of moisture  ( i f  t he  rock 

specimens a r e  moistened) may t ake  p l ace  with even minimum temperature drops,  

and the  d i f f i c u l t y  of  r e a l i z i n g  a good contact  between the  specimen and t h e  

h e a t e r  o r  coo le r .  
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Despite t h e s e  drawbacks, t h e  methods of  s teady thermal flow are widely 

used f o r  determining t h e  thermal conduc t iv i ty  o f  s t r u c t u r a l  and i n s u l a t i o n  

materials i n  rock, and t h e  ma jo r i ty  o f  d a t a  i n  t h e  l i t e r a t u r e  p e r t a i n i n g  t o  

t h e  thermophysical c h a r a c t e r i s t i c s  of  var ious substances were obtained with 

t h e i r  he lp .  This i s  explained by t h e  fact t h a t ,  i n  t h e  f i rs t  p l a c e ,  of a l l  

t h e  e x i s t i n g  methods f o r  determining thermal conduc t iv i ty  t h e s e  are t h e  

most p r e c i s e  (experimental  e r r o r  does not  exceed 3-5%),  and, i n  the  second 

p l a c e ,  t h e  dimensions of t h e  t es t  specimen may be small. These methods are 

e s p e c i a l l y  widely used f o r  determining t h e  c o e f f i c i e n t  o f  thermal con- 

d u c t i v i t y  f o r  materials i n  t h e  case  o f  l a r g e  abso lu te  temperature values 

(Kozak, 1955). 

Methods o f  Variable  Thermal Flow . -  ._  

Among t h e  methods of v a r i a b l e  thermal flow an important p l ace  i s  occupied 

by t h e  methods of t h e  r e g u l a r  regimen proposed by G .  M .  Kondrat'yev (1954) 

and h i s  s t u d e n t s .  A r e g u l a r  regimen i s  a process  of  hea t ing  or 
cool ing o f  bodies ,  during tKe course of which t h e  temperature d i s t r i b u t i o n  

being e s t a b l i s h e d  wi th in  t h e  body does not  depend on t h e  i n i t i a l  cond i t ions ,  

i s  descr ibed by t h e  exponent ia l  and determined by t h e  form and dimensions of  

t h e  body and by t h e  temperature a t  i t s  boundaries .  

I f  a graph i s  cons t ruc t ed  and the  cool ing o f f  time of t h e  body i s  

p l o t t e d  along the  a b s c i s s a  and the  n a t u r a l  logari thm o f  t h e  temperature 

d i f f e r e n c e  o f  t h e  body and t h e  medium i s  p l o t t e d  along t h e  o r d i n a t e ,  then 

a f t e r  t h e  r e g u l a r  regimen has  s e t  i n  t he  graph of  cool ing o f f  w i l l  r ep resen t  

a s t r a i g h t  l i n e .  

-m-r = A e  , where tx i s  the  - to  In t h e  s t a g e  o f  a r e g u l a r  regimen t 
X 

temperature a t  t he  t e s t e d  po in t  of  t h e  t e s t  m a t e r i a l ;  to i s  t h e  temperature 

of  t h e  ambient medium, assumed t o  be cons t an t ;  T i s  t h e  t ime;  m i s  the  r a t e  

of  change of  t h e  body's temperature;  and A i s  a f a c t o r  which deDends on t h e  

geometirc form of t h e  specimen and t h e  coordinates  of  t h e  po in t  under /56 
cons i dera t i on. 

If  t h e  Bio c r i t e r i o n  i s  l a r g e  (Bi > 100, f o r  example, i n  cool ing a body 

i n  a vigorously a g i t a t e d  f l u i d  a t  constant  t empera tu re ) ,  then the  c o e f f i c i e n t  
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of thermal conduct iv i ty  i s  found by t h e  s imple equat ion  a = @m, where @ is, the 

form-factor .  

and thermal  exchange a are known, and also t h e  rate o f  temperature  change 

of  t h e  body i s  found, the c o e f f i c i e n t  of  thermal conduc t iv i ty  A can be  

determined from t h e  equat ion  A = acy,  where a i s  t h e  coef f ic i .en t  of  thermal 
d i f f u s i v i t y ;  c i s  t h e  s p e c i f i c  thermal capac i ty ;  and y is  the volumetr ic  

weight.  

When B i  = cons t . ,  i f  the c o e f f i c i e n t s  o f  thermal d i f f u s i v i t y  

Methods f o r  determining t h e  thermal d i f f u s i v i t y ,  thermal conduct iv i ty ,  

and thermal capac i ty  were proposed by G .  M.  Kondrat'yev. I n  h i s  terminology 

they a r e  t h e  methods of a -ca lor imeter  ( f o r  measuring thermal d i f f u s i v i t y )  , 
A-calorimeter ( f o r  measuring thermal conduc t iv i ty ) ,  and b i - ca lo r ime te r  ( f o r  

measuring t h e  thermal conduct iv i ty  and thermal d i f f u s i v i t y  of t h i n  p l a s t i c s ,  

i n s u l a t i o n  m a t e r i a l s ) .  

Lambda- ca lo r ime te r ,  a lpha-  ca lo  r imeter  , and b i - ca lor imet  e r  are ho 1 low 

Ins ide  metal  envelopes with hard  rubber tubes and thermocouples i n  th.em. 

t h e  envelope is  a m e t a l l i c  core ,  and t h e  space between t h e  core and the 

envelope conta ins  t h e  ma te r i a l  t o  be i n v e s t i g a t e d .  The ca lo r ime te r  i s  

pregraduated,  f i l l e d  with t h e  t e s t  ma te r i a l  and cooled i n  a medium 

with a cons tan t  temperature  when a -f m .  

then t h e  c o e f f i c i e n t  o f  thermal conduct iv i ty  f o r  t h e  t e s t  specimen are d e t e r -  

mined according t o  t h e  cool ing  graph. 

The temperature of cool ing  m and 

In comparison with t h e  s teady  s t a t e  methods, t he  r e g u l a r  regimen r e q u i r e s  

a s h o r t e r  experiment t ime and permits  t h e  a n a l y s i s  o f  moist  mater ia ls .  w i th in  

small  temperature  l i m i t s ,  whi le  t h e  instruments  a r e  o f  comparatively 

simple cons t ruc t ion .  The accuracy o f  t h e  c o e f f i c i e n t  of thermal conduct iv i ty  

determined by these  instruments  i s  4%,  and t h a t  f o r  t h e  c o e f f i c i e n t  of  

thermal d i f f u s i v i t y  i s  1.5%. 

But measurement of t he  thermophysical c o e f f i c i e n t s  by t h e  r e g u l a r  regimen 

method has i t s  weaknesses: a) i t  i s  d i f f i c u l t  t o  achieve uniform f i l l i n g  of 

t h e  instrument  with t h e  t e s t  m a t e r i a l ,  which may cause d is turbance  of t h e  

hea t  exchange and e r r o r s  i n  the  determinat ion of  t h e  thermophysical charac te r -  

i s t ics ;  b) it is  impossible  t o  determine a l l  t he  c o e f f i c i e n t s  ( A ,  c ,  a) i n  one - /57 
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experiment; c) t h e  r e g u l a r  regimen of  cool ing begins  only af ter  a long pe r iod  

of time f o r  some materials (specimens with low thermal conduct ivi ty)  ; 

d) the  temperature gage must be placed wi th in  t h e  t e s t  m a t e r i a l ,  which may 
cause mechanical d i s tu rbance  and d i s t o r t i o n  of  t h e  thermal f i e l d .  

The quasi-s teady s ta te  methods ( i n  t h i s  case t h e  temperature a t  any 

given p o i n t  of  t h e  system be ing  i n v e s t i g a t e d  i s  a l i n e a r  func t ion  of time) 

permit measurement of  a l l  t h e  thermophysical c o e f f i c i e n t s  i n  one experiment 

(Lykov, 1952, 1956b; Semenov, 1955).  This p o s s i b i l i t y ,  as w e l l  as t h e  s h o r t  

du ra t ion  o f  t h e  experiment,  are the main v i r t u e s  of  t h e s e  methods. The 

drawback of t h e  quasi-s teady s t a t e  methods i s  t h e  n e c e s s i t y  f o r  complex 

apparatus t o  maintain the  l i n e a r  r a t e  of  temperature r i se  i n  t he  medium. 

The methods based on t h e  p r i n c i p l e s  of  a v a r i a b l e  thermal f i e l d  were 

f irst  r e a l i z e d  by Angstrom (Karslou, 1947). These methods r e f l e c t  most 

o b j e c t i v e l y  the  v a r i a b i l i t y  of  t h e  thermal regimen of va r ious  n a t u r a l  

ob jec t s  with time and r e q u i r e  the  c r e a t i o n  of a temperature wave on t h e  

s u r f a c e  o f  t h e  specimen. 

determinat ion of a l l  t h r e e  thermal parameters a t  one t ime,  and r e q u i r e  s h o r t  

experiments with comparatively small g rad ien t s  i n  t h e  t e s t  specimen ( t h i s  

determines t h e i r  a p p l i c a b i l i t y  t o  moist m a t e r i a l s ) .  But i n  c o n t r a s t  t o  t he  

quasi-s teady s t a t e  methods, t h e s e  experiments do not  r e q u i r e  complex 

equipment and t h e  instruments  employed a r e  q u i t e  s imple.  Among t h e  methods 

of  t h i s  group a r e :  

L i k e  t h e  quasi-s teady s t a t e  methods, they permit 

a) comparative methods of  thermal s i m i l a r i t y ,  based on hea t  exchange 
between t h e  t e s t  specimen and a s t anda rd  specimen having a d i f f e r e n t  tempera- 

t u r e  a t  t h e  s t a r t  of t h e  experiment (heat  exchange t akes  p l a c e  only by thermal 

conduc t iv i ty ) .  Weaknesses o f  t h e s e  methods a re :  t h e  n e c e s s i t y  f o r  r a t i n g  t h e  

s t anda rd  specimen and i t s  s t o r a g e ,  t he  p o s s i b i l i t y  o f  determining only one 

c o e f f i c i e n t  -- t h e  thermal conduc t iv i ty ,  and the  complexity of r e a l i z i n g  i n  

p r a c t i c e  complete s i m i l a r i t y  of specimen and s t anda rd ;  

b) methods c r e a t i n g  l i n e a r  temperature changes on t h e  t e s t  specimen 

s u r f a c e  (Lykov, 1952 and o t h e r s ) .  They make i t  p o s s i b l e  t o  measure two 

thermal c h a r a c t e r i s t i c s  of s o l i d  materials - -  thermal d i f f u s i v i t y  and con- 

d u c t i v i t y  - -  and may be app l i ed  t o  bodies  of  any form. 
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The probe methods a l s o  belong t o  t h i s  group. They are based on s tudy  

of t h e  i n i t i a l  s t a g e  of  development o f  a v a r i a b l e  thermal  f i e l d .  

essence of t hese  methods is determinat ion of  t h e  temperature  changes i n  

hea t  sources  (probes) o r  i n  changes i n  t h e  amount o f  h e a t  absorbed o r  given 

off by these  probes i n  t h e  pe r iod  during which they  are i n  t h e  medium being 

s tud ied .  I n  var ious  modi f ica t ions  of t he  probe methods, momentary, isothermic,  

o r  cons tan t  i n t e n s i t y  h e a t  sources  a r e  employed. I n  form t h e  probes are: 

1) laminar ( p l a t e s  wi th  i n t e r n a l  e l e c t r i c  h e a t e r s )  2) c y l i n d r i c a l  ( r a t h e r  

long m e t a l l i c  rods of  small cross  s e c t i o n  with i n t e r n a l  momentary, i so thermic ,  

o r  cons tan t  i n t e n s i t y  h e a t  sources) ,  o r  3) s p h e r i c a l  ( a  m e t a l l i c  sphere with 

i n t e r n a l  hea t  source)  . 

The 

For determinat ion of  t h e  thermal c h a r a c t e r i s t i c s  o f  s t r u c t u r a l  ma te r i a l s  

A.  M. Butov (1955) proposed t h e  method of a l i n e a r  p lane  h e a t  source of 

constant  i n t e n s i t y  ac t ing  over  a f i n i t e  segment o f  time and cons i s t ing  of  

f ind ing  t h e  r e l a t i o n s h i p  of temperature t o  time f o r  po in t s  l oca t ed  a t  one 

o r  another  d i s t ance  from t h e  h e a t  source .  Also i n t e r e s t i n g  are t h e  probe 

methods worked out  by A. F .  Chudnovskiy (1954) and h i s  coworkers. One of  

t hese  is  the  impulse method proposed by Ye. Ye. Vishnevskiy, which permi ts  

measuring t h e  thermal c h a r a c t e r i s t i c s  of moist  specimens o f  rock, s t r u c t u r a l  

ma te r i a l s ,  and d ispersed  m a t e r i a l s  i n  a i r  and i n  a vacuum a t  temperatures 

from -100 t o  + lo0  'C. The hea t  source is  loca ted  wi th in  t h e  body. 

The advantages of t h e  v a r i a b l e  thermal regimen methods a r e  t h a t  they 

a re  simple and no g r e a t  amount o f  time i s  r equ i r ed  f o r  determinat ion of  a l l  

t h r e e  thermal c h a r a c t e r i s t i c s  thanks t o  which t h e  n a t u r a l  moisture  and 

temperature regimens do no t  have time t o  become d i s t u r b e d .  

A t  t h e  same time t h e  v a r i a b l e  methods have important  weaknesses: 1)  i n  

some of  t h e i r  modi f ica t ions  t h e  t e s t  specimen i s  cu t  i n t o  two o r  t h r e e  p a r t s  

i n  order  t o  p l ace  t h e  h e a t  source  and thermometer i n s i d e  i t ,  and f i t t i n g  

and s e a t i n g  them one aga ins t  t h e  o the r  d i s t u r b s  the  n a t u r a l  s t r u c t u r e  of  t h e  - /59 
ma te r i a l ;  and 2)  no co r rec t ion  i s  made f o r  t h e  hea t  content  of t he  hea te r s  o r  

thermometers which r equ i r e s  changing t h e  procedure of  t h e  experiment when 

d i f f e r e n t  h e a t e r s  a r e  employed. 
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L e t  us dwell in  somewhat more d e t a i l  on one of  t h e  v a r i a b l e  methods. 

A method was worked out  by t h e  Geothermy Laboratory of  t h e  0. Yu. 
Shmidt I n s t i t u t e  of  Ear th  Physics (Lyubimova e t  a l . ,  1964 b)  which u t i l i z e s  

t h e  p r i n c i p l e s  of hea t  convection from a momentary l i n e a r  source 

(Tikhonov, Samarskiy, 1953). The t h e o r e t i c a l  bases  of t h e  method a r e :  an 

i n f i n i t e l y  long,  t h i n  h e a t e r  rod i s  loca ted  i n  an ino rgan ic  s o l i d  medium, 

the  temperature  of which i s  cons tan t  a t  t h e  moment i t s  hea t  i s  communicated. 

A t  some moment o f  time T = 0 t h e  rod i s  communicated a thermal impulse,  fol lowing 

which t h e  rod cools  o f f .  

has t h e  form 

The temperature  d i s t r i b u t i o n  from such an impulse 

where x2 + y2 = r2 (r i s  t h e  d i s t a n c e  from t h e  h e a t e r ’ s  su r f ace  t o  t h e  poin t  

where t h e  d is turbance  i s  recorded) ;  T is  the  temperature produced by the  

momentary hea t  source having an i n t e n s i t y  Q,  loca ted  along an a x i s  Z; i n  
t h i s  case Q = Qocp which i s  t h e  amount o f  h e a t  given o f f  by one u n i t  of 

length  of  t h e  source .  Following s u b s t i t u t i o n  we have 

With maximum condi t ions  

dT 

w e  ob ta in  

r2 Q ,-I k =; -andT,,, = - 4Tmax p C W -  

o r  
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Consequently, t o  determine t h e  thermal conduc t iv i ty  and thermal 

capac i ty  of  t h e  t e s t  specimen i t  i s  s u f f i c i e n t  t o  measure t h e  d i s t a n c e  between 

t h e  instruments  r, c u r r e n t  I s t r e n g t h ,  t h e  vo l t age  on t h e  h e a t e r  

winding V ,  t h e  maximum change i n  temperature T 

and t h e  maximum time -cmm r equ i r ed  f o r  t h e  temperature  a t  t h e  p o i n t  o f  

measurement t o  reach i t s  maximum value.  

a t  t h e  p o i n t  o f  measuring, max 

Cer t a in ly ,  it i s  impossible t o  achieve i n  p r a c t i c e  t h e  mathematical 

condi t ion of  an i n f i n i t e l y  long and t h i n  h e a t e r ,  which, i n  i t s e l f ,  i n t r o -  

duces a c e r t a i n  amount of  e r r o r  i n t o  t h e  experimental  r e s u l t s ;  i n  a d d i t i o n ,  

t h e  authors  of t h e  method i n t e r p o l a t e  empi r i ca l  c o r r e c t i o n s  f o r  t h e  va r ious  

d i s t o r t i n g  f a c t o r s  ( t h e  he t e rogene i ty  of  t h e  medium as t h e  r e s u l t  of 

i n s e r t i o n  o f  t h e  instruments  , t h e  poss ib ly  l e s s - t h a n - i d e a l  contact  between 

the  h e a t e r  and t h e  rock, e t c . ) .  

The i n v e s t i g a t i o n s  made by G .  N .  Sta r ikova  l e d  t o  the  conclusion t h a t  

t h i s  method, with empi r i ca l  co r rec t ions  f o r  t h e  non-ideal  arrangement of 

t h e  experiment, permits  r e l i a b  

i s t ics  i n  one s h o r t  experiment 

n a t u r a l  s t a t e  o f  t h e  specimen. 

n e c e s s i t y  t h a t  t h e  t e s t  sample 

r = 1 . 5  c m .  

e determinat ion of t h e  t h r e e  thermal cha rac t e r -  

and on one core sample without d i s t u r b i n g  t h e  

The weakness o f  t h e  method c o n s i s t s  i n  t h e  

have a diameter o f  no less than 7.5 cm with 

Comparing t h e  methods descr ibed f o r  determining t h e  thermal cha rac t e r -  

i s t i c s ,  it i s  d i f f i c u l t  t o  give p re fe rence  t o  any one of them. I t  i s  

d e s i r a b l e  t o  i n v e s t i g a t e  t h e  tes t  samples by s e v e r a l  methods i n  o rde r  t o  

ob ta in  t h e  most r e l i a b l e  d a t a  through c o r r e l a t i o n .  The r e s u l t s  of  measure- 

ments made by s e v e r a l  methods, of  s t e a d y - s t a t e  and r e g u l a r  regimens by t h e  

method o f  thermal s i m i l a r i t y  f o r  example, show s u f f i c i e n t  agreement between 

them ( t h e  disagreement does not exceed 5-6%). The choice of one o r  another  

method is  o f t e n  determined by such q u a l i t i e s  as i t s  a p p l i c a b i l i t y  under given 

condi t ions t o  t h e  m a t e r i a l  t o  be i n v e s t i g a t e d ,  o r  i t s  convenience and simple 

arrangements , r a t h e r  than by i t s  accuracy. 
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Experimental- Study o f  t h e  . . Thermal _ - .  ___ Conduct ivi ty  ~ o f  Rock 
= ~ ~ . -  . - . .  . .  . _ . .  . .  

We determined t h e  thermal conduc t iv i ty  o f  rock b a s i c a l l y  by t h e  

s t e a d y - s t a t e  thermal f i e l d  method. The i n v e s t i g a t i o n  was r epea ted  by t h e  

r e g u l a r  regimen method f o r  a l a r g e  number o f  samples from d i f f e r e n t  regions 

and d e p o s i t s .  In  t h i s  connection, f o r  small diameter specimens, as u s u a l l y  

are core samples drawn from g r e a t  depth,  we d i d  not  apply t h e  usual  a - c a l o r i -  

meter method s i n c e ,  i n  t hose  cases ,  i t  i s  d i f f i c u l t  t o  secure t h e  necessary 

amount of  hea t  emmission. 

method f o r  specimens o f  small dimensions (Begunkova, Kissin,  1965). Accuracy 

of determinat ion i n  both cases  i s  5-10%. Comparison of  t h e  r e s u l t s  from t h e  

two methods gives good convergence ( the  d i f f e r e n c e  i s  not  more than  5-15%). 

These w e  i n v e s t i g a t e d  by t h e  r e g u l a r  regimen 

We s t u d i e d  t h e  thermal conduc t iv i ty  o f  rocks from t h e  f i e l d s  of  

Russkiy Khutor, Yuzhno-Sukhokumskaya, Bazhigan, Stepnaya, Solonchakovaya, 

Gasha, Izberbash, Makhachkala, Karaman, Sulak, Babayurt, and Kaspiysk. A 

t o t a l  of  125 samples was i n v e s t i g a t e d .  The values obtained fo r  the  

c o e f f i c i e n t s  o f  thermal ocnduc t iv i ty  i n  t h e  a i r - d r i e d  s t a t e  l i e  completely 

within the  l i m i t s  of  v a r i a b i l i t y  of t h e  values  p re sen ted  i n  the  l i t e r a t u r e .  

/61 

Preparat ion ._  - .  . . -  of  t h e  samples __ f o r  s tudy.  Applicat ion of t h e  s t e a d y - s t a t e  

thermal f i e l d  method r e q u i r e s  adherence t o  a number o f  cond i t ions :  p r e c i s e  

s e a t i n g  of  t h e  specimens, very good con tac t  between them and t h e  sources  of  

h e a t  and cool ing,  avoidance of secondary h e a t  d i s p e r s i o n ,  e t c .  

Thin p l a t e s  were cu t  from t h e  core samples by a rock saw and t h e  

plane su r faces  were po l i shed  on a p o l i s h i n g  wheel with ab ras ive  powders t o  

a th i ckness  of  4-5 mm. 

p e r p e n d i c u l a r i t y  of  t h e  plane s u r f a c e s  t o  t h e  core  a x i s  was maintained. 

With c a r e f u l  p o l i s h i n g  the  necessary condi t ion of  

The diameter o f  t h e  specimens may vary wi th in  narrow l i m i t s  when t h e  

cons t an t  r a t i o  o f  diameter t o  th i ckness  i s  maintained. After p o l i s h i n g ,  t h e  

specimens were covered with a t h i n  coa t ing  o f  s h e l l a c  o r  b a k e l i t e  va rn i sh  

t o  prevent  moisture l o s s  a t  t h e  time of  measurement as w e l l  as abso rb t ion  

o f  Vaseline by t h e  specimens ( t o  improve con tac t  between t h e  h e a t e r s  and 

specimens, t h e  l a t t e r  were smeared with a t h i n  l a y e r  of Vasel ine) .  Spec ia l  

s t u d i e s  conducted t o  c l a r i f y  t h e  effect  o f  va rn i sh  and Vaseline on t h e  /63 
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accuracy of  t he  experiments i n d i c a t e d  t h a t  t h e  a p p l i c a t i o n  o f  such coat ings 

considerably improved t h e  mechanical c o n t a c t .  

Figure 17. Schematic o f  s e t -up  f o r  determining thermal 
conduc t iv i ty  by t h e  s t e a d y - s t a t e  thermal f i e l d  method. 

0" , thermostat  with 0" temperature;  PPTN, low r e s i s t a n c e  
potent iometer ;  G ,  m i r ro r  galvanometer; K - K  switches;  

R1, R2, R3, r h e o s t a t s ;  AT, autotransformer;  A ,  ammeter; 
1 5' 

V ,  vol tmeter .  

We attempted t o  determine t h e  a c t u a l  thermal conduc t iv i ty  of t he  samples 

To do t h i s ,  we measured the by c a l c u l a t i n g  t h e i r  moisture l o s s  i n  t r a n s p o r t .  

thermal conduc t iv i ty  of t h e  d e s s i c a t e d  sample t o  s ta r t  with,  and then t h a t  

of t h e  sample s a t u r a t e d  with wa te r .  

c o e f f i c i e n t s  o f  thermal conduc t iv i ty ,  it would make sense t o  take i n t o  

cons ide ra t ion  the  co r rec t ed  c o e f f i c i e n t s  obtained i n  such a manner, b u t ,  at  

t h e  same time, t h e  a c t u a l  thermal conduct ivi ty  o f  t h e  core  sample should be 

ca l cu la t ed  with t h e  h e l p  of an accepted model of  t h e  s t r u c t u r e  and po ros i ty  

of t h e  specimen, as was c o r r e c t l y  suggested by Boldizar  (1965). 

I t  would seem t h a t  i n  eva lua t ing  t h e  
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Methodology .- .- - o f  thermal  -- -- conduc t iv i ty  -- - _-  ___ determinat ion.  I n  i n v e s t i g a t i o n  by 

the  s t eady  flow method, a flow of constant  i n t e n s i t y  is  passed through t h e  

sample; one plane s u r f a c e  of t h e  p l a t e  is  hea ted ,  t h e  o t h e r  i s  cooled, i n  
such a manner as t o  maintain a constant  temperature drop between them. 

o t h e r  c o u n t r i e s  t h i s  method is  c a l l e d  t h e  "divided b a r  method." The general  

p l an  of t h e  se t -up  i s  given i n  Figure 17, and t h e  design of  t h e  assembly 

i n  which t h e  specimen is  p l aced  i s  given i n  Figure 18. 

In 

The s t eady  thermal flow from t h e  "hot" t o  the  "cold" p l a t e  through t h e  

t e s t  specimen (from d e t a i l s  5 of Figure 18 through 9 t o  10) is  e s t a b l i s h e d  

qver  4-6 hours.  

t he  vo l t age  and c u r r e n t  i n  t h e  winding, h e a t i n g  t h e  lrhotrr  p l a t e  with t h e  

he lp  o f  MBA-47/5 instruments .  The h e a t e r  c o i l s  a r e  supp l i ed  with c u r r e n t  

from a bank o f  s t o r a g e  b a t t e r i e s .  La te ra l  hea t  l o s s  is  e l imina ted  with 

t h e  h e l p  of p r o t e c t i v e  ( l a t e r a l )  and a u x i l i a r y  (upper) h e a t e r s  which a r e  

powered by a l t e r n a t i n g  l i n e  c u r r e n t  through an LATR-2 autotransformer.  

Compensation of  t h e  l a t e r a l  h e a t  l o s s  and establ ishment  of a s t e a d y - s t a t e  i s  

checked by means o f  two d i f f e r e n t i a l  thermocouples a t t ached  t o  M-17/1 and 

M-21/4 mi r ro r  galvanometers with a s e n s i t i v i t y  of 2 0 l O - ~  and 7.5-10-9 A ,  

r e s p e c t i v e l y .  The emf of  t h e  thermocouples i s  determined by a PPTN-1 low 

r e s i s t a n c e  potent iometer .  The thermocouples a r e  made of  0.015 mm diameter 

copper and constantan wi re s .  The constant  temperature of  t he  cold p l a t e  of 

t h e  coo le r  i s  maintained by an u l t r a t h e r m o s t a t .  The c o e f f i c i e n t  o f  thermal 

conduc t iv i ty  A i s  determined by t h e  formula X = (Qx)/(S*AT), where Q is  t h e  

thermal flow through 

sample; S i s  the  area of  t h e  sample; AT i s  t h e  temperature d i f f e r e n c e  

between the  h e a t e r  and c o o l e r .  

The i n t e n s i t y  o f  t h e  thermal flow i s  c a l c u l a t e d  by measuring 

t h e  sample, equal t o  0.24 1 2 V - r ;  x i s  t h e  th i ckness  of  t h e  __ /65 

The apparatus  used i n  our  measurements was equipped with two devices  

which considerably modified i t s  a p p l i c a t i o n :  a device c r e a t i n g  t h e  necessary 

p re s su re ,  and another  t r a n s m i t t i n g  t h i s  p re s su re  t o  t h e  t es t  specimen. 

59 



Figure 18. 
placed f o r  determinat ion o f  t he  thermal conduc t iv i ty  by t h e  s teady-  

1, Top cover;  2 ,  walls of  t h e  chamber i n  which supplementary 
p re s su re  i s  c rea t ed ;  3,  membrane which t r a n s m i t s  t h e  p re s su re  t o  
the  t e s t  specimen; 4 ,  moveable cover which t r a n s m i t s  p re s su re  t o  
the  t e s t  specimen; 5 ,  main h e a t e r ;  6 ,  supplemental h e a t e r  t o  e l imina te  
hea t  l o s s  through t h e  main h e a t e r  cover;  7 ,  e x t e r n a l  h e a t e r  t o  
e l imina te  l a te ra l  h e a t  l o s s  from main h e a t e r ;  8,  double t e x t o l i t e  
ho lde r  f o r  mounting main and supplemental h e a t e r s ;  9 ,  specimen 
being t e s t e d ;  10, coo le r  which removes hea t  from t h e  t e s t  specimen; 
11, t e x t o l i t e  cushion; 1 2 ,  bottom cover;  13,  ebon i t e  c o l l a r  t o  
prevent  la teral  h e a t  l o s s e s  from t h e  specimen; 14 ,  p ipe  t o  fo rce  pump; 
15, p ipe  t o  manometer; 16, b o l t s  holding t h e  upper and lower covers 
t oge the r ;  1 7 ,  o i l  p r e s s u r e  r e s e r v o i r .  

Design of t h e  device i n  which t h e  t e s t  specimen i s  

s t a t e  thermal f i e l d  method. 
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The f irst  device i s  a h y d r a u l i c  jack from which t h e  l i f t i n g  mechanism 

has been removed; it s u p p l i e s  o i l  under p re s su re  t o  t h e  r e s e r v o i r  of  t h e  

apparatus  ( i n  Figure 18, only t h e  o u t l e t  t o  it i s  shown -- component 1 4 ) .  The 

second device,  f o r  t r a n s m i t t i n g  high p r e s s u r e  t o  t h e  t e s t  speciment, c o n s i s t s  

of  a p re s su re  chamber (component 1 7  i n  Figure 18) , a f l e x i b l e ,  shaped membrane 

o f  s h e e t  copper (3)  , and a moveable cover ( 4 ) .  The top of  component 4 has  t h e  

same form as the  shaped membrane and thereby r ece ives  almost a l l  t h e  p re s su re  

a r r i v i n g  on t h e  membrane, p reven t ing  damage t o  t h e  l a t t e r .  The diameter o f  

t h e  upper p o r t i o n  of component 4 i s  l a r g e r  than t h a t  o f  t h e  lower, which 

c r e a t e s  a g r e a t e r  p re s su re  on t h e  t e s t  specimen than i s  i n  t h e  p re s su re  

chamber (p ropor t iona l  t o  t h e  r a t i o  of t h e  squares of  t h e  r a d i i ) .  The mob i l i t y  

of t h e  membrane i s  s u f f i c i e n t  t o  compensate f o r  t h e  deformation of t h e  t e s t  

specimen and t o  t r ansmi t  a l l  t h e  p re s su re  t o  the  t e s t  specimen, even when 

t h e  experiments a r e  of  i n s i g n i f i c a n t  du ra t ion .  The p res su re  i s  measured 

by t h e  manometer readings ( the  o u t l e t  t o  i t  from the  p r e s s u r e  r e s e r v o i r  i s  

shown, component 15 of Figure 18) and by the  r a t i o  of t h e  r a d i i .  

During measurement i n  t h e  l abora to ry  , rocks a r e  usua l ly  under condi t ions 

q u i t e  d i f f e r e n t  from t h e  n a t u r a l  ones: f i r s t  of a l l  i s  t h e  absence of t h e  

formational  p r e s s u r e .  Construct ion of such design add i t ions  makes it 

p o s s i b l e  t o  measure t h e  thermal conduc t iv i ty  of rocks at  var ious p re s su res  

(from 1 t o  280 a t m  i n  ou t  c h a r t ) .  The r e s u l t s  of such experiments which we 

made a r e  presented i n  Figure 19. Development of t h e  device made i t  p o s s i b l e  

t o  e s t a b l i s h  t h e  necessary c o r r e c t i o n s  f o r  t h e  p r e s s u r e ,  which were i n t r o -  

duced i n t o  the  c a l c u l a t i o n  o f  t h e  thermal conduc t iv i ty  o f  t h e  t e s t  sample. 

I t  must be noted t h a t ,  on t h e  whole, t h e  changes i n  thermal conduc t iv i ty  of 

rocks i n  r e l a t i o n  t o  p r e s s u r e  have obviously no t  been c l e a r l y  understood. 

This problem requ i r e s  s p e c i a l  a n a l y s i s  and must be an o b j e c t  of  f u r t h e r  

s tudy.  We used t h e  supplemental design f e a t u r e s  o f  t h e  apparatus  b a s i c a l l y  f o r  

o t h e r  purposes.  I t  i s  known i n  t h e  l i t e r a t u r e  t h a t  t h e  weakness of  t he  s t eady  

s t a t e  method is  the  d i f f i c u l t y  o f  achieving good mechanical con tac t  between t h e  

t e s t  specimen, c o o l e r ,  and h e a t e r .  We e l imina ted  t h i s  d i f f i c u l t y  by using t h e  

supplemental devices  , which helped t o  c r e a t e  an e x c e l l e n t  con tac t  between t h e  

specimen and t h e  h e a t e r s .  

- /66 
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1 
Resu l t s  o f  Determination of  
Thermal Conductivity of Rocks ~~ 

The r e s u l t s  of  determinat ion 

of  t h e  thermal conduct ivi ty  of  

Rf 40 do ?a0 IW 200 zw av 125 rock samples from t h e  region 
P ,  a t m  

Figure 19. Thermal conduc t iv i ty  o f  
c l a y  i n  r e l a t i o n  t o  p re s su re .  

s t u d i e d ,  t a k i n g  a l l  co r rec t ions  

i n t o  account,  are completely 

1, f irst  sample; 2 ,  second sample. w i th in  t h e  l i m i t s  of v a r i a t i o n s  

given i n  t h e  l i t e r a t u r e  f o r  t h i s  

parameter.  The r e l a t i v e l y  small 

magnitude of  some of  t h e  i n d i v i d u a l  thermal conduc t iv i ty  values  i n  our 

determinat ions,  i n  comparison with t h e  publ ished d a t a ,  i s  p o s s i b l y  explained 

by allowance f o r  temperature c o r r e c t i o n s .  

The c l ays  have t h e  lowest thermal conduct ivi ty  values  i n  t h e  region 

s t u d i e d  (Table 9 ) .  They vary from 1.84 t o  4.51 mcal/cm.sec*'C f o r  t h e  

Sarmatian depos i t s ,  from 2.04 t o  4.73 f o r  t h e  Chokraksk, from 1.56 t o  3.96 

f o r  t h e  Pliocene, and from 3.21 t o  3.78 f o r  t h e  Mesozoic d e p o s i t s .  

compaction of t h e  a r g i l l a c e o u s  rocks with depth l eads  t o  a considerable  inc rease  

i n  t h e i r  thermal conduc t iv i ty .  The upper l i m i t s  o f  thermal conduct ivi ty  f o r  

t h e  Sarmatian and Chokraksk clays are increased with an i n c r e a s e  i n  t h e i r  

sand con ten t .  

The 

The sandstones and a l e u r o l i t e s  have t h e  h ighes t  thermal conduct ivi ty .  

The i r  thermal conduc t iv i ty  v a r i e s  w i th in  broad l i m i t s ,  depending on the 

composition of  t h e  d e t r i t a l  material ( the  dense q u a r t z i t i c  sandstones have 

the  h i g h e s t ) .  
I 

Thermal conduct ivi ty  o f  t h e  l imestones v a r i e s  from 3.00 ( f o r  w r i t i n g  

chalk) t o  6.56 mcal/cm-sec-"C. 

I n  Table 10 d a t a  are given on t h e  thermal conduc t iv i ty  o f  i nd iv idua l  

l i t h o g r a p h i c  v a r i e t i e s  of  rock.  Each value f o r  t h e  thermal conduct ivi ty  i s  

t h e  average of f i v e  t o  e i g h t  determinat ions f o r  one sample, and i n  t h e  case of  

l i t h o l o g i c a l l y  heterogenous i n t e r v a l s  t h e  average va lue  f o r  t h i s  i n t e r v a l  i s  
t h e  weighted mean, t ak ing  i n t o  account t h e  th i ckness  of  t h e  rocks which are 

components of t h e  i n t e r v a l  i n  ques t ion .  
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G,75 

1,08 
5,04 

TABLE 9 .  THERMAL CONDUCTIVITY OF SEDIMENTARY ROCKS IN DAGESTAN, 10-3 cal/cm*sec-"C 

5,95 

2,OO 6,OO I 

6,45 

Clays Ng ' 03 1,58 4,73 
~ ~ s r m  1 1,50 3,9G 

1,84 i 4,5i 
2,04 4,73 

N1 tsh 
Pgs mkp 
MZ 

4,52 

A r g i l l i t e s  , Nlsrm 1 3;: 3.09 
Nlkrg + tsch 

Crf 

7,4O Limestones 
A 1  euro li t es 

Dolomites 

3,73 
3 ,:\0 
8.93 
0,72 
0,72 

8,91 
7,d8 
6.50 

7,88 
6,62 

J 1;: 
Cr 
Pg, 7 
Crl 

Crl - 11 
Crl - IS 

:5,41 

2 , G l  3 , 4 2  
3,3x 
: % . l d '  3,27 3.79 
3 ; 72 
5, (io 

5,84 

5.45 

5,GO 
4 , Y:l 

i 
I 

3,23 3 ,41  

i 2,50 110.30 
I 

Note: Commas ind ica t e  decimal po in t s .  
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TABLE 10. RESULTS OF DETERMINATION OF THE THERMAL CONDUCTIVITY OF 
ROCKS OF SEDIMENTARY COVER I N  VARIOUS DAGESTAN AREAS 

chalk) 
Sandy-a l eu ro l i t i c  rock ,  dense,  
g l a u c o n i t i c  

Sandstone: s l i g h t l y  calcareous 
1 1  I I  I 1  1 1  

Sandstone: s l i g h t l y  calcareous 

Sandstone: ca lcareous  

-_ ~ 

No. of  Depth o f  Age of 

i n  meters 

5.72 

6.436 
5.096 

5.33 

5.343 

4 

11 

11 

8 

11 

4 

2 

3,140-3,146 

3,150-3,154 

3,302-3,308 
3,315-3,323 
3,447-3,450 

3,701-3,706 

2,545-2,550 

2,655-2,660 
3,125-3,130 

3,403-3,410 

3,593-3,597 

1,999 -2,007 

3,312-3,318 

2,457-2,462 

2,457-2,462 

2,446-2,651 

2 , 65 1-2 , 656 
3,192-3,202 

3,211-3,219 

3,259-3,265 

3,044-3,046 

3,390-3,395 

- 
Thermal 
conduct i v -  
i t y ,  mca l j  
cm se c O c  _ -  

- - _ _ _ -  

Li tho log ic  composition 

- - -  - 

Cr 1 

1 1  

1 1  

I 1  

I 3  

I 2  
Zr2 

1 1  

Crl 

I 3  

I2  
pg3 mk 

Yuzhno- Sukhokums kaya - 
A l e u r o l i t e  : a r g i  1 laceous , 
g l a u c o n i t i c ,  q u a r t z i t i c ,  
s l i g h t l y  ca lcareous  
Sands tone : g l a u c o n i t i c  , 
quar t  z i t i  c ,  s l i g h t l y  calcareous 
Sandstone : s l i g h t l y  ca lcareous  
The same. 
Do lomi t e  : a r g i  1 laceous 

Sandstone: qua r t z i  t i  c f e l d s p a t i c  

Dense l imestone wi th  t h i n  i n t e r -  
s t r a t i f i c a t i o n s  of  arenaceous , 
calcareous c lays  
Clays: bedded, dense,  ca lcareous  
A 1  euro li t e : a r g i  11 aceous 

Clay: bedded 

C 1 ay : non - ca lcareous  

C 1 ay : carb on aceous 

C r  I Limestone: d e t r i t a l ,  arenaceous 1 
Russkiv Khutor 

Cr2 

Cr2 

C r l  a1 

C r l  b 

C r l  h 

I t  

Cr 1 

C r l  aF 

I 2  

4.62 

5.52 

6.019 
6.695 
6.62 

5.85 

5.59 

3.65 
4.78 

3.73 

3.211 

3.78 

3.95 

- -- . . . . - .. . . . 



TABLE 10. 

No. of  
well  

. . . -  ~- 

. . . - . . . . 

i m p u r i t i e s  
A r g i l l i t e :  a l e u r o l y t i c  with 
abundant p y r i t e s  

Do1omite:fine coarse  grained 

A r g i l l i t e :  a l e u r o l y t i c  wi th  
abundant p y r i t e s  

11 ? I  1 1  

1 1  I I  1 1  I t  I t  

/69 (Continued) 

3.90 

4.36 
3.87 
4.564 

3.484 

~ - .  . -. 

Depth of  
core  sample 

i n  meters 
- 

pg3 

Cr2 

C r 2  m 

1 1  

Crl 

. .  - - ~ 

[Thermal 
Li thologic  composition conduct i v -  

rock j i t y ,  meal/ 

I 4 - 7 4 5  
Limestone:argi l laceous,  f i n e  
gra ined ,  badly  crumbled 
Limestone: aleurolitic-argillaceous 5.72 
f i n e  grained w i t h  p y r i t e  granules  
Limestone: a r g i l l a c e o u s ,  f i n e  3.204 
gra ined ,  badly crumb l e d  

4.693 The same 
Sandstone 3.562 

3,906-3,911 

3 3,996-4,000 

1 2,893-289 
2,929-2,935 

29 

29 

3,429-3,434 

3,434-3,439 
3,670-3,675 

3,681 -3,686 

2,908-2,915 
2,915-2,921 
2,915-2,921 
2,930-2,935 

3,444-3,448 

3,535-3,540 

3,535-3,540 
3,552-3,558 
3,552-3,558 
3,535-3,540 

2,130-2,137 

2,672-2,677 

2,970-2,974 

2,970-2,974 
3,140-3,146 

Crl 

I 3  

I 2  

I 1  

C r  
112 

I I  

C r l  b 

Cr 1 

1 1  

1 1  

I 1  

I I  

1 1  

B a zh i g an 

Tuf fogeni  c sandstone 

Tuffogenic  a l e u r o l i t e  

S t epn ay a 
Limestone: white  and gray,dense I 1 1  1 1  11 I 

So 1 on ch ak ov ay a 

Sands tone wi th  g l  auconi t i c-hydro- 
micaceous and carbonaceous cement 
A l e u r o l i t e :  coarse  & f i n e  grained 
A 1  e u r o l i  t e : q u a r t z i t i c  

Sands tone : q u a r t  z i t i  c 

C 1 ay : carb on a ceous 
Limestone: dense 
Clay: carbonaceous 

4.45 

3.64 

4.74 
5.49 

8.905 

3.77 
5.057 

7.878 

3.412 
4.97 
2.33 
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TABLE 10. (Continued) 

N;Ll;f I Depth of A Age o f  
core  sample rock 
i n  meters 

~ i .  .. _ _ _  - - 

25 308-309 
519-5 28 
773-780 
773-780 
800-810 
878-883 
951 -961 

1,207-1,215 

55 I 519-529 

Temirgoe- 
explora .  

Te r m i  n a 1 

108-113 
185-310 
308-316 
333-393 
403-408 
428-444 
701-707 
707-709 
757- 774 
816-834 

1,003-1,013 
1,500 

1,919 

2,000 
2,442-2,453 
2,817-2,820 

2,900-2,905 

( te rmina l )  1 3 9 0 5 9 - 3 , 0 6 4  

Na2apsh 
Na ak 

211 

II 

1 1  

1 1  

1 1  

N1 m t  

- ---- 
I Thermal 
conductiv- 
i t y ,  mcal/ 

L i tho log ic  composition 

- -- - _ _  
Sulak 

Arenaceous 
I t  

11 

1 1  

1 1  

I I  

11  

I I  

B ab ayur t 

 IN^ srm /Clay 

Karaman 

N 
112 

I t  

I I  

I I  

1 1  

N 2  aP 
1 1  I 1  

1 1  1 1  

1 1  I 1  

1 1  I 1  

N 2  ak 

N m  1 
II 

II 

N s r m  2 
I t  

N1 srm 

c lay  
1 1  

I 1  

1 1  

1 1  

I I  

I I  

I 1  

Clay: gray ,  calcareous 
Clay: gray ,  ca lcareous ,  a l e u r o l  . 

? I  I! I 1  I 1  

II 11 II I 1  

Clay: ca lcareous ,  a l e u r o l y t i c  

Clay: dense,  ca l ca reous ,  a l e u r o l y t i c  
I I  II I I  

1 I 1  II 1 1  I I  

I 1  I 1  I t  

I t  1 1  1 1  

1 1  I t  I 1  

II 

11 

1 1  

Clay: ca lcareous  wi th  i n t e r -  
s t r a t i f i c a t i o n s  o f  a l e u r o l i  tes 
Sandstone : a r g i l l a c e o u s  marly 
with spa r se  pebbles  
The same 
The same 
Clay: s l i g h t l y  arenaceous,  
micaceous, bedded, dense 
Clay: micaceous wi th  depos i t s  of 
sand and i n t e r s t r a t i f i c a t i o n s  of 
a l e u r o l i  t e  
Clay: micaceous 

1.99 
2.15 
2.67 
2.34 
2.97 
1.92 
1.56 
1.65 

3.675 

2.79 
2.475 
2.208 
1.57 
3.06 
3.114 
3.06 
2,835 
3.42 
3.25 
3.28 
3.96 

3.63 

3.643 
3.81 
2.80 

3.18 

1.99 
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TABLE 10. (Continued) 

c a t i o n  and sand depos i t s  
Clay:micaceous,dense,thinly bed 
Sandstone: micaceous, dense 
Clay: arenaceous ,micaceous, 
dense , t h i n l y  bedded 
Argi l laceous sandstone 

1 1  

1 1  

1 1  

1 1  

No. of  
we l l  

1 ( t e r -  
minal) 

3.95 
6.72 
4.51 

5.018 
4.29 
4.22 

215 

Clay 

Clay: dense,  c lose  grained 

235,237 

V1 t c h  
I 1  

II 

1 1  

I 1  

Depth of  
core  sample 
i n  meters 

Clay 

Clay 
Sands tone : water-bear ing 
C 1  ay with i n t e r s t r a t i  f i  ca t ions  
o f  marl 
C 1  ay with i n t e r s  t r a t  i f i c a t  i ons 
of marl 

2,867-2 , 872 
2,867-2,872 
2,900-1,905 

2,956-2,961 
3,116-3,120 
3,158-3,162 

3 , 220-3,234 
3,260 -3,264 
3,303-3,306 
3,701.5- 
3,705 
4,003-4,008 

3,388-3,390 
49 

3,007-3,012 

11,434-1,437 

1,503-1,508 
1,503-1,508 
1,608-1,683 

1,680-1,683 

546.5-582 

1,215-1,220 

1,520-1,524 

1,728- 1,735 

1,844.5 

1,852-1,865 
1,941-1,962 

Age o f  
rock 

v1 srm 
I t  

I 1  

I t  

1 1  

I t  

1 1  

II 

I 1  

I 1  

V 1  k rg  

Ql 

V s r m  

V s r m  

1 

1 

L i tho log ic  composition conductiv- 
I i t y ,  meal/ 

Sandstone: q u a r t z i t i c  
Clay: arenaceous 
Clay: micaceous, t h i n l y  bedded, 
with a l e u r o l i  t e i n t e r s t  r a t  i f i  - 

6.37 
3.94 
3.03 

i s r m  

Il t c h  
1 

I 1  

1 1  

11 

I 1  

1 1  

Argi l laceous  sandstone 

Sandstone: f i n e  grained wi th  
i n t e r s t r a t i  f i ca t ions  of c l ay  
Sandstone: f i n e  gra ined ,  f r i a b l e  
with i n t e r s  t r a t i f i c a t i o n s  of  
c l ay  
Sandstone: bedded, dense,  with 
i n t e r s t r a t i f i c a t i o n s  of  c l ay .  
Sandstone: dense,  wi th  i n t e r -  
s t r a t i f i c a t i o n s  o f  c l ay  
The same 
Sandstone: f i n e  gra ined ,  dense,  
a r g i  11 aceous 

5.317 

3.83 
2 . 4 2  

2.78 

3.348 

2.041 
4.368 
3.270 

3.536 

4.27 

4.07 

4.15 

5.12 

4.17 

4.93 
5.27 
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TABLE 10. (Conclusion) 

No. of 
well 

2-P 

2 -T 

- -. 

Depth o f  
core sample 
i n  meters  

l o  
-- -- - _.-- 

16 
25 
30 
35 
40 
45 
60 

100 
120 
130 
140 

1,296-1,307 

1,544-1,551 
1,654-1,669 

1,669-1,684 

1,852-1,865 
1,420- 1,429 

1,s 26- 1,536 

1,536- 1,546 
1,621-1,631 
1,732-1,734 
1,795 -1,801 
1,833-1,845 
1,855-1,864 
1,845-1,855 

- 

Age o f  
rock 

3 
(1 

I t  

I 1  

I t  

1 1  

1 1  

1 1  

I I  

I 1  

1 1  

1 1  

1 1  

Li tho log ic  composition 

-- _ -  - - 

: lays  with rare and t h i n  
t n t e r s  t r a t i  f i c a t i  ons o f  marl 
ind sandstones 
'he same 

I 1  1 1  

1 1  I 1  

I 1  1 1  

I 1  I 1  

1 1  I 1  

1 1  1 1  

I 1  I t  

1 1  I t  

I I  I 1  

1 1  I 1  

Kas p i  y s k 

N1 k rg  

I 1  

N1 t c h  

N l z  t c h  
I 1  

N1 k rg  

N1 t c h  

I 1  

1 1  

1 1  

1 1  

1 1  

1 1  

1 1  

Sandstone : hard ,  f i n e  gra ined ,  
a rg i l l aceous  , micaceous 
A l e u r o l i t e  
Sandstone 

1 1  

I t  

Clay wi th  t h i n  i n t e r s t r a t i f i -  
ca t ions  of sandstone 
Clay with i n t e r s  t a t i f i c a t i o n s  
o f  sand and sandstone 
The same 
C 1  ay : hard  arenaceous 
Hard sandstone 
Argi 11 aceous sandstone 
Arenaceous c l ay  

1 1  1 1  

I 1  I t  

Thermal-- 
conductiv- 
i t y ,  mcal/ 
c m  * se c O C 

1,849 

2.68 
2.75 
1.836 
3.21 
1.975 
2.349 
2.52 
1.80 
2.30 
2.36 
2.24 

5.668 

5.668 
4.602 

5.603 

4.507 

3.718 
3.432 

3.463 
4.433 
5.668 
3.687 
4.732 
3.471 
2.925 
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CHAPTER V 

D1STRIBU''ION OF CONDUCTIVE THERMAL FLOW I N  THE 
DAGESTAN TERRITORY 

Determination of  Conductive Thermal Flow and-Accepted Methods of  Calcu la t ion  . _ _ _ _ _  - - - -  - - _. - . - - - __ _ .  

Determination of  t h e  thermal flow y i e l d s  t h e  most complete information 

about t he  thermal s t a t e  of  t h e  E a r t h ,  t he  s t u d y  of which i s  necessary f o r  

t h e  s o l u t i o n  of  many geologica l  and geophysical problems. S t a t i s t i c a l  

a n a l y s i s  of d a t a  concerning thermal flow i s  o f t e n  appl ied t o  extremely 

unequal ly  d i s t r i b u t e d  experimental  d a t a ,  and t o  t h e  e x t e n t  t h a t  new i n f o r -  

mation becomes a v a i l a b l e ,  t h e  s i t u a r i o n  of  t h e  s e p a r a t e  anomalies changes. 

Therefore  determinat ion of t h e  thermal flow i n  d i f f e r e n t  regions should 

d e f i n e  more accura te ly  t h e  general  na ture  of t h e  d i s t r i b u t i o n  of  t h i s  para-  

meter i n  l a rge  a r e a s ,  f o r  example i n  t h e  e n t i r e  a r e a  of  t h e  USSR. 

The thermal flow observed a t  t h e  E a r t h ' s  s u r f a c e ,  although it o r i g i n a t e s  

i n  the depths ,  i s  deformed i n  t h e  l i t h o s p h e r e  a s  a r e s u l t  of  var ious  geologic  

processes  tak ing  p l a c e  i n  i t ,  processes  accompanied by the  genera t ion  o r  

absorpt ion of  thermal energy and a l s o  by a r e d i s t r i b u t i o n  of hea t  by t h e  

movement of ground water .  Evaluat ion of  t hese ,  o r  o t h e r ,  f a c t o r s '  r o l e  i n  

t h e  formation of  the n a t u r a l  thermal f i e l d  o f  t he  l i thosphere  permits  

d i f f e r e n t i  a t i o n  of  t h e  primary from the secondary ones among them. 

Thermal flow is  the product of two j o i n t l y  determinable f a c t o r s  -- t h e  

temperature g r a d i e n t  and t h e  thermal conduct iv i ty  of  t h e  rocks:  q = (dT/dz)X. 

Obtaining r e l i a b l e  d a t a  concerning the thermal flow r e q u i r e s ,  t h e r e f o r e ,  

p r e c i s e  measurcmencs of  both t h e s e  q u a n t i t i e s .  

Evaluat ion of  the t r u e  value of  the thermal flow r e q u i r e s  taking i n t o  

account the p o s s i b l e  d i s t o r t i o n s  r e s u l t i n g  from var ious  man-made and n a t u r a l  

f a c t o r s .  The d i s t o r t i o n  of thermal flow i n  the d r i l l i n g  of  w e l l s  belongs to 

the First  group of Factors ,  the c i r c u l a t i o n  o f  ground water and the  changes 

o f  c l i m a t i c  condi t ions  belong t o  Che second, as  does the e f f ec t  o f  topography, 
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a l l  of  which a r e  missing i n  t h e  l abora to ry  a n a l y s i s  o f  d a t a  concerning t h e  

n a t u r a l  mais ture  and temperature of  rock and t h e  p r e s s u r e  under a c t u a l  

in s i tu  cond i t ions .  

The e f f e c t  of man-made f a c t o r s  was avoided i n  our  i n v e s t i g a t i o n s  by 

c a l c u l a t i n g  equivalent  g rad ien t s  and employing thermometric d a t a  from w e l l s  

a f t e r  a long per iod o f  i d l e n e s s .  

Correct ion f o r  topography becomes very important i n  mountainous regions.  

I t s  e f f e c t  may be p o s i t i v e  or negat ive and must be evaluated f o r  each i n d i v i -  

dual case (Howard, Sass ,  1964, and o t h e r s ) .  Examining t h e  e f f e c t  of  

topography on measurements of t h e  thermal flow a t  t he  E a r t h ' s  su r f ace ,  

Lachenbruch (1965) showed t h a t  t h e  v e r t i c a l  temperature g rad ien t  , i n  t he  
case o f  a s lope ,  i s  overestimated i n  t h e  lower p a r t  o f  t he  s lope  and 

unde r s t a t ed  i n  t h e  upper p a r t  and beyond i t s  borders .  
r e l i e f ' s  i r r e g u l a r i t y  decreases  with depth and i n  most cases  does not  

exceed 1% a t  a depth o f  500 m (Roy, 1963). 

The e f f e c t  of t he  

Methods a l s o  e x i s t  f o r  eva lua t ing  d i s t o r t i o n s  o f  t h e  thermal flow as a 

r e s u l t  o f  c l i m a t i c  v a r i a t i o n s  i n  r e c e n t  pe r iods  of geologic  h i s t o r y  ( G .  

Karsloy and D. Eger) and of r ap id  v e r t i c a l  t e c t o n i c  movements and e ros ion  

(A.  Benfield) . These modif icat ions r e q u i r e  c e r t a i n  assumptions concerning 

t h e  thermal processes .  

The absence of any s i g n i f i c a n t  c l i m a t i c  changes during r ecen t  geologic 

h i s t o r y  i n  t h e  a reas  being s tud ied ,  as  we l l  as the  smooth na tu re  of  t h e i r  

su r f aces  permit ted avoidance of t h e  in t roduc t ion  of co r rec t ions  f o r  t h e  

e f f e c t  of  c l imate  and r e l i e f .  A s  f o r  t h e  e f f e c t  of  underground water ,  t h e r e  

a r e  s t i l l  no r e l i a b l e  methods f o r  eva lua t ing  i t ;  t h e r e f o r e  the  i n t e r v a l s  

i n v e s t i g a t e d  were s e l e c t e d  a t  depths where the rate o f  water  movement i s  

i n s i g n i f i c a n t  and should n o t  no t i ceab ly  a f f e c t  t h e  temperature d i s t r i b u t i o n ,  

i . e . ,  i n  t he  zones of l imi t ed  and very l imi t ed  water exchange. Spec ia l  

s t u d i e s ,  and t h e  a p p l i c a t i o n  of  c o r r e c t i o n  c o e f f i c i e n t s  e x i s t i n g  i n  t h e  

l i t e r a t u r e  (Roy, 1963) t o  the  non-correspondence of  moisture ,  p r e s s u r e ,  and 

temperature of a sample under l abora to ry  condi t ions and i n  t h e  n a t u r a l  

s t a t e ,  permit ted t h e  acquir ing of r e l i a b l e  values  f o r  t h e  thermal con- 

d u c t i v i t y  of t h e  rocks.  
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In  the  eva lua t ion  c f  t h e  thermal flow f o r  a c t u a l  f i e l d s ,  weighted 

averages are implied by the  "average" f o r  t h e  va lues  of any of t h e  

determined parameters f o r  t h e  p o r t i o n  of t h e  p r o f i l e  s tud ied ,  averages 

obtained by e s t ima t ing  the  th ickness  of  t h e  homogenous member i n  a l l  cases  

where it seemed reasonable .  

We determined t h e  thermal flow along w e l l  s h a f t s  i n  twelve f i e l d s  loca ted  

i n  two t e c t o n i c  zones of  Dagestan. In the  graphs c i t e d  below, t h e  changes 

i n  t h e  temperature g rad ien t  (y), thermal conduct iv i ty  of t he  rocks ( A ) ,  and 

thermal flow (9) i n  r e l a t i o n  t o  depth a r e  shown f o r  each po in t  i nves t iga t ed .  

Let us  examine these  r e s u l t s .  

- Resul ts  _. .~ - of t h e  Determinations 

Izberbash.  Wildcat wells 235 and 237, and producing wel l  2-P ,  loca ted  

i n  t h e  Izberbash a n t i c l i n e  (Maritime P la in  of South Dagestan) were s tud ied .  

This  s t r u c t u r e  i s  loca ted  i n  t h e  submerged p o r t i o n  o f  t he  dome of t h e  

Eastern a n t i c l i n a l  zone of  t he  Kulsary-Divichinsk depression and has  a 

northwest s t r i k e .  

The Izberbash f o l d  i s  a b rachyan t i c l ine  s t r e t c h i n g  from northwest t o  

sou theas t ,  a l a rge  p a r t  of which i s  loca ted  beneath the  Caspian Sea.  The 

s t r u c t u r e  i s  box- l ike  with a s l a n t e d  dome and p rec ip i tous  l imbs. The 

amplitude of u p l i f t  i s  400-500 m i n  d i f f e r e n t  po r t ions  of t h e  s t r u c t u r e .  

We s tud ied  two members of t h e  p r o f i l e .  One of them, ly ing  a t  t h e  

10-140 m i n t e r v a l ,  was represented  by water-impermeable gray bedded c lays  of 

t h e  Sarmatian s t a g e ;  t h e  o t h e r ,  a t  t h e  1,216-1,962 m i n t e r v a l ,  was water-  

' bear ing  sandstones of  t h e  Karagansk and Chokraksk hor izons .  Temperature 

g rad ien t s  f o r  t h e  a rg i l l aceous  member were determined by d a t a  from obser-  

va t ions  i n  t h e  opera t ing  we l l ,  bu t  f o r  t he  sandstone member they were 

determined from t h e  r e s u l t s  of thermal logging (conducted a f t e r  a month's 

s t a b i l i z a t i o n )  and t ak ing  spot  measurements i n t o  t h e  c a l c u l a t i o n s .  For  

t he  a rg i l l aceous  member the  temperature  g rad ien t  was 0.034 O C / m ,  and f o r  

t h e  sandstones it va r i ed  from 0.013 t o  0.018 " C / m .  

moisture ,  which was up t o  20% f o r  t he  c l ays  and up t o  30% f o r  t h e  sandstones , 
When t h e  co r rec t ions  f o r  

were included i n  t h e  c a l c u l a t i o n s ,  t he  c o e f f i c i e n t s  of  thermal conduct iv i ty  - / 7 7  
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were 2 . 3 2  f o r  t h e  c l ays  and from 4.07 t o  5.27 mcal/cm-sec-"C f o r  t h e  sand- 

s tones .  The r e s u l t s  of  t h e  determinat ions o f  temperature g r a d i e n t ,  thermal 

conduct ivi ty ,  and thermal flow i n  t h e  Izberbash f i e l d  are given i n  Table 11 

and Figure 20 f o r  each in t e rva l  of  depth.  The average thermal flow f o r  t h e  

e n t i r e  p r o f i l e  o f  t h e  Izberbash f i e l d  i s  0.74 pcal/cm2-sec.  

2-  
1 

0' cal/cm2* s e c  cal/cm2* sec. Deg 

Figure 20 .  Changes i n  t h e  temperature 
g rad ien t  ( y )  , thermal conduc t iv i ty  of  
t h e  rocks ( A ) ,  and thermal flow (9) i n  
r e l a t i o n  t o  depth i n  t h e  Izberbash 

a n t i c l i n e  r eg ion .  

The average value of t h e  conductive thermal flow i n  t h e  sandstone member 

is  0 .69  Pcal/cm2.sec. 

10-40 m i n t e r v a l  i s  0.78 pcal/cm2.sec. 

10-60 m i n t e r v a l  and 0.75 ucal/cm2.sec i n  t h e  deeper ly ing  (10-140 m) i n t e r -  

v a l ,  which i s  somewhat n e a r e r  t h e  value obtained f o r  the sandstones.  I f  t h e  

value of t h e  thermal flow i n  the  upper p a r t  o f  t h e  a r g i l l a c e o u s  member 

corresponds t o  t h e  s t e a d y - s t a t e  thermal f i e l d ,  then t h e  cause of t he  inc rease  

i n  thermal flow can be seen only i n  a supplemental emission of hea t  i n  the  

form of  some type of exothermic processes  t ak ing  p l ace  d i r e c t l y  i n  t h i s  

horizon.  S t i l l ,  t h e  v a r i a t i o n s  o f  t he  flow i n  t h i s  region could be c a u e d  

by hydrogeological f a c t o r s :  t he re  a r e  many thermal sources known t o  e x i s t  

i n  t h e  environs of t he  Izberbash s t r u c t u r e  which a r e  fed by waters o f  the 

Karagansk-Chokraksk depos i t s  and discharge a t  t he  su r face  p r imar i ly  i n  

zones of f r a c t u r e .  

In  t h e  c l ay  member t h e  average thermal flow i n  t h e  

A t  t h e  same t ime,  i t  i s  0.81 i n  the  
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TABLE 11. RESULTS OF THE DETERMINATION, BY INTERVAL, OF THE 
TEMPERATURE GRADIENT, THERMAL C O N D U C T I V I T Y ,  AND THERMAL 

FLOW I N  THE VARIOUS REGIONS OF DAGESTAN. 
_ _  

Depth 

s t u d i e d ,  
i n  meters 

- - - - .- ~ .-- .. . - ~ =-,- -- - 
Temp. 

O c/m 
Li tho log ic  composition grad. ,  

10-60 
60-140 
10-140 

1,216-1,220 
1,520-1,524 

1,844.5 
1 , 852.8 

1,723- 1,735 

1,941-1,962 
1 , 2  16- 1,962 

1,434-1,437 

Clays 
1 1  

1 1  

Sandstones 
Sandstones 

I '  

I '  

I '  

' I  

1,503-1,508 
1,677- 1,683 

2,130-2,137 

2,672-2,677 
2,970-2,974 
2,970-2,974 
3,140-3,146 

1,420-1,429 

1,s 26 -1,536 
1,536-1,546 
1 , 621-1,631 
1, 732-1,734 
1,745-1,751 
1,795 - 1,801 
1,833-1,845 

I zberb ash 

0.034 
11 

I t  

0.015 
0.016 
0.016 
0.013 
0.016 
0.018 

MaJkh - achk a 1 a 
Water -be a r  ing s ands tone 
with i n t e r s  t r a t i  f i  ca t ion  
of c l ays .  
The same 
The same 

0.031 

0.025 
0.022 

Gasha 
Gray l imestones,  a l e u r -  
it i c - a r g i  11 aceous , 
micrograined, crumbled 
The same 
C 1  ays 
S ands tones 
Clays 

0.018 

0.019 
0.018 
0.018 
0.019 

K as  p i  y s k 

Clays with i n t e r s t r a t i -  
f i c a t i o n  of sand and 
s ands ton e 
The same 

Argi l laceous sandstone 
Sandstone 

1 1  1 1  

1 1  

1 1  

II 

0.023 

0.023 
0.023 
0 .05 
0.03 
0.03 
0 .03  
0 .03  

2.27 
2.21 
2.32 
4.07 
4 .15  
4 . 1 2  
4.17 
5.93 
5.27 

3.35 

4 . 2  
3 .41  

4.74 

5.72 
3.20 
4.69 
3.56 

3.72 

3.43 
3 .46  
4.33 
5 .7  
5 . 7  
3.9 
4.73 

0.81 
0.75 
0.78 
0 .61  
0.68 
0.82 
0.64 
0.75 
0.92 
0.69 

1.038 

1.05 
0 .75  

0.854 

1.075 
0.577 
0.845 
0.677 

0.855 

0.789 
0.796 
2.165 
1.7 
1 . 7  
1.11 
1.42 

Remarks 

-- 

Avg.of 2 determ. 

Avg.of 6 determ. 
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TABLE 11. (Continued 
_. . 

Depth 
i n t e r v a l  
s t u d i e d ,  
i n  meters 

1,845-1,855 Arenaceous c l ays  
1,855-1,864 

L i tho log ic  composition 

-e -.. . -- _- 
Tkmp. Therm. Therm. 
grad . ,  cond., flow, 
"C/m veal/ peal/ Remarks 

cm*sec* cm2* 
"C sec 

0.03 2.92 0.878 
0.03 3.47 1.041 

74 

Karaman 

108-113 Al t e rna t ion  of  gray,  0.023 2.79 0.64 
ca lcareous ,  a l e u r o l i t i c ,  
c l ays ,  sands,  F weakly 
cemented water-bear ing 
sandstones . 

285-310 The same 2.48 0.57 
303-316 I '  I '  2.20 0.50 
383-393 " I '  1.54 0.36 
403-408 I '  " 3.06 0 .71  
428-444 I '  I '  3.11  0.73 
408-444 I '  ' I  2.54 0.58 
701-707 I t  0.024 3.06 0.734 
707-709 I '  " 2.84 0.68 
767-774 I '  I '  3.42 0.82 
816-834 I '  I '  3.25 0.78 

1,002-1,013 I '  " 3.28 0.79 
469-1,051 I '  I '  3.17 0.73 

1,500 Dense c lays ,ca lcareous  0.025 8.96 0.99 
with i n t e r s t r a t i  f i  ca t ion  
of  l imestones-coquina 

1,919 Calcareous c lays  with 0.027 3.68 0.98 
i n t e r s  t r a t  i f i c a t  ion  of 
a l e u r o l i t e s  and sand- 
s tones ;  i n  upper p a r t  of  
p r o f i l e  , a r g i l l a c e o u s  
marls with occasional  
pebbles 

2,000 The same 3.64 0.98 
2,142-2,453 1 1  3.81 1.021 
1 , 692-2,525 I '  I 1  3.70 0.99 
2,817-2,820 Interbedding of  weakly 4 0.027 2.80 0.76 

2,867-2,872 The same 0.027 4.97 1.34 
s t rong ly  arenaceous c l ay  

- /79 

Avg.of 6 determin.  

Avg.of 5 determin. 
Thermal flow v a l -  
ues assumed t y p i -  
c a l  f o r  l i t h o l o g i -  
c a l l y  he te ro-  
geneous i n t e r v a l  
1 , 051- 1,698 

Avg.of 3 determin. 



TABLE 11. (Continued) 
__ = - - - - - - - -. - 

Depch Temp. 
i n t e r v a l  Li thologic  composition 
s t u d i e d  , 
i n  meters 

2,457-2,462 

2,646-2,651 

2,651-2,656 
3,044-3,046 

3,192-3,202 
3,211-3,219 

2,900-2,905 

Limestone,argi l laceous-  0.33 
a leuro  li ti c 
Sandstone, argel laceous - 0.029 
a l e u r o l i t i  c 
The same 
Argillaceous-aleurolitic 0.023 
member with i n t e r s t r a t i -  
f i c a t i o n  of sandstone 
The same 0.020 
Argi l laceous a l e u r o l i t e  0.026 

2,956-2,961 
3,007-3,012 
3,059 -3,004 
3,116-3,120 
3,152-3,162 
3,220-3,224 
3,260-3,264 
3,303-3,306 
3,383-3,390 
2,589-3,737 
3,701-3,705 

5.10 
5.83 

4,003-4,008 

1.02 
1.38 

308-309 

519-523 
773-780 
800 - 810 
878-883 
951-961 

1,207-1,215 

Interbedding o f  weakly 
E s t r o n g l y  arenaceous 
c lays  
The same 

I t  I t  

1 1  1 1  

I t  I t  

I 1  1 1  

I 1  1 1  

1 1  1 1  

1 1  1 1  

I t  I 1  

I 1  1 1  

Sandstone,gray & c l o s e  
p a i n e d ,  q u a r t z i t i c -  
€e ldsp  a t  i c hard,  bedded, 
J at e r -b e a r i n g  
The same 

Karaman 

0.032 

0.032 
0.04 
0.04 
0.025 
0.025 
0.031 
0.031 
0.026 
0.023 

0.034 

0.034 

Clays with i n t e r s t r a t i -  
f i c a t i o n  of  sand 6 
coquina 
The same 

1 1  I t  

1 1  1 1  

I t  I t  

I t  I 1  

1 1  1 1  

Sul ak 

0.024 

0.025 
0.025 
0.025 
0.025 
0.025 
0.027 

3.18 

3.95 
2.78 
1.99 
6.72 
4.51 
5.02 
4.29 
4 . 2 2  
3.33 

5.00 

5.32 

4.59 

3.30 
2.67 
2.97 
1.92 
1.56 
1.65 

Russkiy Khutor 

1.02 

1.26 
1.11 
0.80 
1 .68  
1 .13  
2.06 
1.33 
1.10 
0.77 
1.20 
1.70 

1.81 

1.102 

0.825 
0.668 
0.743 
0.479 
0.39 
0.446 

3 * 6 2  I l . l9  
6.03 

5.06 

1.76 

1.16 

Remarks 

Avg.of 1 2  determ. 
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TABLE 11. (Concluded) 

3,259-3,265 Argil laceous a l e u r o l i t e  
3,310-3,315 Arenaceous-argil laceous 

a l e u r o l i  t e  
3,310-3,395 The same 
2,435-3,395 'I ' I  

__ ~ 

i n t e r v a l  
- s t u d i e d ,  Li thologic  composition 

0.018 

0.020 
0.029 
0.026 

i n  meters 

- 
Temp. 
grad.  , 
O c / m  

F_ - 

1,900-2,300 
2,500-2,750 
3,100-3,200 

3 , 290-3,340 
3,410-3,420 
3,420-3,464 
3 , 570-3,620 

3,620-3,730 

2,600-2,950 

3,422-3,444 

3,444-3,530 
3,530-3,622 

3,622-3,735 

2,929-2,935 
2,829-2,898 

Well No.3 

Well No.2 
3,996-4,000 

3,906-3,911 

- 
rherm. 
cond., 
deal/ 
cm s e c 
O C  

5.34 

5.08 
6.02 
5.08 

~ 

Yuzhno-Sukhokumskaya 

Argi l laceous member 
Limestones 
Aleuro l i  te-s  ands tone 
member 
Sands tones 
Clays 
Do lomi tes  
A l e u r i t e - a r g i l l a c e o u s  
member 
Argi l laceous sandstones 

0.035 
0.023 

0.023 
0.023 
0.023 
0.023 

0.023 
0.023 

3.78 
5.59 

5.28 
5.32 
3.73 
6.62 

3.21 
5.85 

Interbedding o f  carbon- 
aceous c lays  and 
l imestones 
Sandstone with i n t e r -  
s t r a t i  f i c a t i  ons of  
a l e u r o l i  t e s  
Arenaceous 1 imes t one 
Dolomite wi th  i n t e r -  
s t ra t  i f i  c a t  i ons of 
a l e u r i  t i c a r g i  1 lit e 
Q u a r t z i t i c  sandstones 
and a l e u r o l i  t e s  

Solonchankovaya 

0.025 

0.017 
0.017 

0.017 

0.018 

3.40 

6.12 
6.56 

4.05 

6.47 

S t epn aya 

Sand-a leur i te  member 5.486 
1 1  I 1  1 1  1:::;; 1 5.044 

Bazh i gnn _ _ _ .  

Tuffogenic a l e u r o l i t e  

Tuffogenic sandstone 

0.036 

0.042 

3.64 

4.45 

Oeg6 I 
1.02 
1.74 
1.32 

1.32 
1.285 

1.21 
1.22 
0.86 
1.52 

0.74 
1.35 

0.85 

1.06 
1.14 

0.70 

1.14 

1.26 I 
1.31  

1.87 

Remarks 

. . . .  

Avg.of 8 determin 

Average of 
determinat ions 

Average of 2 
de t ermi n a t  i ons 

Average of  5 
determinat ions 
Average of 2 
determinat ions 

76 



Figure 2 1 .  Changes i n  temperature  
g rad ien t  ( y )  , thermal conduc t iv i ty  
( A ) ,  and thermal flow ( 9 )  i n  r e l a t i o n  
t o  depth i n  t h e  Chokraksk depos i t s  
o f  t h e  well  Makhachkala-215. 

Makhachkala. ~~ This  

s t r u c t u r e  i s  loca ted  i n  

d i r e c t  proximity t o  Mt . 
Makhachkala between t h e  Te rk i t au  

mountains and t h e  Caspian Sea.  

I t  i s  i n  t h e  form o f  a brachy- 

a n t i c l i n e ,  s t r e t c h e d  out  over  

8 km from northwest t o  sou theas t  

with a maximum width of 2 km. 

I t s  a x i s  d ips  2-3' toward t h e  

sou theas t  and 4-5" t o  t h e  

northwest .  Amplitude of  u p l i f t  

i s  340 m .  

We i n v e s t i g a t e d  wel l  No. 215. I t s  working sur face  i s  a t  t h e  1,800 m 

mark i n  t h e  Chokraksk depos i t s  represented  by a l t e r n a t i n g  water-bear ing sand- 

.;tones and c l ays .  The i n v e s t i g a t e d  i n t e r v a l  (1,400-1,700 m) i s  represented  :>>, 

waterbear ing sandstones with i n t e r s t r a t i f i c a t i o n s  of arenaceous c l a y s .  TWO 

thermograms were taken along t h e  s h a f t .  The s t a b i l i z a t i o n  pe r iod  before  t h e  

second thermogram ( 2  months) proved t o  be s u f f i c i e n t  t o  achieve s t a b l e  

temperature  va lues ,  which was checked by t h e  "dual thermogram" method. 

Gradient values  i n  t h e  given i n t e r v a l  vary from 0 . 2 2  t o  0.031 "C/m. Taking 

i n t o  account t he  co r rec t ions  f o r  m o k t u r e ,  p re s su re ,  and temperature ,  t h e  

c o e f f i c i e n t s  of thermal conduct iv i ty  determined vary from 3.35 t o  4 . 2  m/cal 

cm se c - O C . 
The r e s u l t s  of  t h e  determinat ion o f  thermal flow by i n t e r v a l  f o r  t h e  

Makhachkala f i e l d  a r e  given i n  Table 11 and Figure 2 1 .  The average thermal 

flow i s  0 .96  ucal/cm2.sec i n  the  Chokraksk d e p o s i t s  of  t h e  Makhachkala f i e l d .  

Gasha. This s t r u c t u r e  i s  confined t o  t h e  western a n t i c l i n a l  zone o f  t h e  

Kulsary-Divichinsk depression and i s  s i t u a t e d  between t h e  u p l i f t s  o f  

Sa l tabaye  on the  n o r t h  and S e l l i  on t h e  sou th .  Cenezoic and Mesozoic rocks 

a r e  involved i n  i t s  geologic  s t r u c t u r e .  I t  i s  a narrow, box- l ike  f o l d  with 

a s lop ing  dome and r e l a t i v e l y  s t e e p ,  somewhat asymmetrical l imbs. 
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Well No. 29 was s t u d i e d  

h e r e .  The i n t e r v a l s  i n v e s t i -  

gated were 2,130-2,677 m, com- 

posed of  Cretaceous l imestones,  

and 2,970-3 , 146 m, corresponding 

t o  t h e  sand-clayey member of  

t h e  J u r a s s i c  d e p o s i t s .  The 

temperature g r a d i e n t s  were 

determined from ana lys i s  o f  

thermal logs of  t he  given we l l  

Figure 2 2 .  Changes i n  temperature and spo t  measurements of deep 
g rad ien t  (Y) , thermal conduc t iv i ty  ( A )  , 
and thermal flow (9) i n  r e l a t i o n  t o  
depth i n  t h e  Gasha f i e l d  (Well No. 29).  

I ,  upper cretaceous;  11, lower c re -  
taceous;  111, J u r a s s i c .  

temperatures made i n  t h i s  

f i e l d .  The g rad ien t  values  are 

almost constant  f o r  t he  p o r t i o n  

of t h e  p r o f i l e  s t u d i e d ,  

0.018-0.019 "C/m.  

Taking i n t o  account t h e  co r rec t ions  f o r  moisture ( the  rocks,  although 

dense, were badly f r a c t u r e d ) ,  p r e s s u r e  , and temperature,  c o e f f i c i e n t s  were 

obtained f o r  t h e  thermal conduct ivi ty  of t h e  rocks comprising t h e  i n v e s t i g a t e d  

i n t e r v a l s .  The range of measurements f o r  t h e  thermal conduct ivi ty  was from 

3.20 ( f o r  c lays)  t o  5.72 ucal/cm.sec."C ( f o r  l imestones) .  The average 

thermal conduct ivi ty  f o r  t h e  p r o f i l e  was 4.95 pcal/cm.sec-"C. The r e s u l t s  

a r e  given i n  Table 11 and Figure 2 2  f o r  t h e  determination by i n t e r v a l  o f  t h e  

geothermal parameters of Well No. 29. 

thermal flow here i s  0.87 ucal/cm2*sec.  

The weighted average of conductive 

Kaspiysk. This exp lo ra to ry  a r e a  is  loca ted  18 km south of  t h e  

Makhachkala f i e l d .  Tec ton ica l ly  i t  i s  confined t o  t h e  no r theas t e rn  s lop ing  

limb of t h e  Talginsk u p l i f t .  

The thermal flow was determined i n  we l l  No. 3-T, t h e  working su r face  of  

which i s  located at  a depth of 1,900 m i n  Chokrakak aquiferous sandstones.  

The i n t e r v a l s  s t u d i e d  a r e  composed o f  sandstones and arenaceous c l ays  o f  t h e  

Karagansk (1,400-1,546 m) and Chokraksk (1,631-1,864 m) d e p o s i t s .  S t a b l e  

g rad ien t s  of temperature were determined by spo t  measurements made i n  t he  
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well following a month of  i d l e n e s s .  

The values v a r i e d  from 0.023 t o  

0.05 "C/m. Ca lcu la t ing  i n  t h e  

co r rec t ions  f o r  moisture and 

temperature of  t h e  rocks,  c o e f f i c -  

i e n t s  of thermal conduc t iv i ty  from 

2.92 t o  5.67 pcal/cm*sec*"C were 

obtained.  The r e s u l t s  of  t he  

2 
r 

determinat ions by i n t e r v a l  are 

given i n  Table 11 and Figure 23. 

Average thermal flow f o r  t h e  

Figure 23. Changes i n  t h e  temperature 
g rad ien t  Cy), thermal conduc t iv i ty  ( A ) ,  
and thermal flow (q) i n  r e l a t i o n  t o  
depth i n  t h e  Kaspiysk f i e l d  (Well No. 
3-T) . I ,  Karagansk horizon (arenace- Kaspiysk f i e l d  i s  1.05 pcal/cm2-sec.  
ous c l a y s ) ;  11, Chokraksk horizon 
(sandstone with i n t e r s  t ra t  i f i c a t i o n s  Karaman. Tec ton ica l ly  t h i s  

region i s  confined t o  t h e  a x i a l ,  o f  arenaceous c l a y s ) .  

most depressed p a r t  of  t h e  Tersko- 

Sulaksk depression.  Two wells were s t u d i e d  h e r e ,  Karaman-1 and the 

Temirgoe-research w e l l .  The we l l s  a r e  loca t ed  6 km a p a r t .  Rocks from t h e  

recent  t o  t h e  Chokraksk, i n c l u s i v e ,  a r e  involved i n  t h e  s t r u c t u r e  of t h e  

w e l l s '  p r o f i l e .  A l l  s t r a t a  opened up by the  d r i l l i n g  (108-4,007 m) were 

i n v e s t i g a t e d .  

The r ecen t  depos i t s  o f  43 m thickness  a re  c lays  and a rg i l l aceous  sands.  

Beneath them t o  a depth o f  342 m a r e  Paleocaspian d e p o s i t s  of a l t e r n a t i n g  

c l ays ,  sands,  o r  crumbled sandstones.  Underlying them a r e  Apsheron depos i t s  

of  gray clays with a considerable  content of  a l e u r o l i t i c  m a t e r i a l  ( f i n e  

grained sandstones and coarse grained a l e u r o l i t e s ) .  A t  a depth of 1,260 m ,  

Akchagyl depos i t s  of c l a y s ,  b a s i c a l l y ,  (from pure t o  a l e u r i t i c )  a r e  encountered. 

From a depth of  1,935 m they a r e  replaced by c a l c a r e o u s - a l e u r o l i t i c  c lays  of 

t h e  Meotic d e p o s i t s .  Lower, i n  t h e  2,599-3,736 m i n t e r v a l ,  l i e  Sarmatian 

d e p o s i t s ,  represented i n  t h e  upper p o r t i o n  by a homogeneous l a y e r  of carbon- 

aceous gray c l ays  with varying content of  a l e u r i t i c  m a t e r i a l .  The clays of 

t he  Sarmatian depos i t s  a r e  d i s t ingu i shed  from those  ly ing  h ighe r  by t h e  

presence i n  them o f  i n t e r s t r a t i f i c a t i o n s  o f  t h i n l y  imbr i ca t e ,  s l i g h t l y  
yellowish hydromica. From 2,817 m t h e  c l a y s  become arenaceous,  micaceous, and 
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carbonaceous. A t  depths  of  3,700 m hard,  bedded, q u a r t z i t i c ,  and f e l d s p a t i c  

sandstones a r e  encountered. I n  t h e  3,736-4,021 m i n t e r v a l  Karagansk d e p o s i t s  

represented from t o p  t o  bottom by q u a r t z i t i c  sandstones,  very hard marls, and 

c l a y s  were revealed.  

l y  o f  sandstones and a l e u r o l i t e s .  

A t  4,021 m were t h e  Chokraksk d e p o s i t s  c o n s i s t i n g  b a s i c a l -  

Despite t h e  f a c t  t h a t  t h e r e  e x i s t e d  thermograms made a f t e r  s u f f i c i e n t  

s t a b i l i z a t i o n  (more than 3 months), temperature g r a d i e n t s  were 

evaluated by the  "dual thermogram" method. The i r  values  vary from 0.023 t o  

0.04 "C/m i n  t h e  l a y e r  i n v e s t i g a t e d .  

Calculat ing with t h e  c o r r e c t i o n s  f o r  moisture (up t o  30% f o r  t h e  

aquiferous sandstones) , temperature and p r e s s u r e ,  t h e  c o e f f i c i e n t s  of thermal 

conduct ivi ty  were computed from t h e  experimental  d a t a .  

l i m i t s  - -  from 1.54 mcal/cm*sec*"C f o r  t h e  Paleocaspian gray c l ays  t o  6.72 

mcal/cm'sec* "C f o r  t h e  Sarmatian sandstones.  

i n t e r v a l s  are given i n  Table 11 and Figure 2 4 .  

They vary wi th in  broad 

Resu l t s  of t h e  determinat ions by 

Average values  f o r  t h e  thermal flow were determined f o r  each o f  t h e  s t r a t i -  

graphic  complexes comprising the p r o f i l e  s t u d i e d .  I n  t h e  calcareous clays 

of  t h e  P le i s tocene  (108-444 m i n t e r v a l  s tud ied )  t h e  thermal flow proved t o  

be 0.58 pcal/cm2.sec, i n  t h e  rocks of  t h e  Apsheron (469-1,051 m) it was 

0.73,  and 0.99 f o r  both t h e  Akchagyl (1,500 m) and t h e  Meotic (1,693-2,525 m). 

In t h e  Sarmatian arenaceous clays (2,599-3,737 m) i t  was 1 . 2 0  pcal/cm2.sec. 

Two determinat ions of t h e  thermal flow were made i n  t h e  sandstones of t he  

Karagansk horizon (3,701-4,008 m) and t h e  average of  them w a s  1.76 pcal/cm2.sec. 

The low value f o r  t h e  thermal flow i n  the  108-444 m i n t e r v a l  is  ev iden t ly  

r e l a t e d  t o  the  e f f e c t  of c i r c u l a t i n g  underground water ,  which i s  a l s o  ind ica t ed  

by t h e  considerable  spread of t h e  ind iv idua l  determinat ions.  The cause of 

t h e  abrupt i nc rease  of t h e  thermal flow i n  t h e  Karagansk sandstones is  not 

completely understood. 

which contain thermal wa te r s ,  a r e  one o f  t h e  t h i c k e s t  aquiferous horizons 

i n  t h a t  region. 

I t  i s  only p o s s i b l e  t o  p o i n t  out t h a t  t hese  d e p o s i t s ,  

/86 

The weighted average f o r  t h e  thermal flow i n  t h e  4 km t h i c k  l a y e r  o f  t h e  /87 
Karaman f i e l d  according t o  depth was 0.96 pcal /cm2-sec.  
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Figure 2 4 .  Changes i n  the  temperature 
g rad ien t  (y )  , thermal conduc t iv i ty  ( A ) ,  
and thermal flow (9) i n  r e l a t i o n  t o  
depth i n  t h e  Karaman a r e a .  

I ,  Paleocaspian;  11, Apsheron; 
111, Akchagyl; I V ,  Meotic; V ,  Sar-  
matian; V I ,  Karazansk; V I I ,  Chokraksk. 

1, a l t e r n a t i n g  clays and sandstones;  
2 ,  calcareous c l ays  ; 3 ,  arenaceous 
clays with i n t e r s t r a t i f i c a t i o n  of 
sandstones;  4 ,  sandstones,  a l e u r o l i t e s .  

Babayurt. L i k e  t h e  Sulak 

u p l i f t  descr ibed below, t h i s  

s t r u c t u r e  underwent r e l a t i v e  

u p l i f t  during t h e  Upper 

Quartenary, and i t  i s  one of 

t h e  elements of t h e  Sulak 

a n t i c l i n a l  zone, s t r e t c h i n g  i n  a 

l a t i t u d i n a l  d i r e c t i o n ,  which 

comprises the  s t r u c t u r e  of t he  

Tersko-Sulak depression.  The 

i n t e r v a l  i n v e s t i g a t e d  was 

500-600 m ,  which i s  composed of  

Sarmatian yellow clays with 

i n t e r s t r a t i f i  ca t ions  of  sand. 

The c o e f f i c i e n t  of  thermal 

conduct ivi ty  f o r  t h i s  i n t e r v a l ,  

corrected f o r  moisture ,  i s  

3.68 mcal/cm.sec."C. The 

s t a b l e  temperature g rad ien t  
was evaluated by thermograms 

taken f o r  t h i s  a r e a  and i s  

0.019 " C / m .  

The average thermal flow i n  t h i s  region i s  0 . 7 0  pcal/cm2.sec. 
value i s  c lose  t o  t h a t  e s t a b l i s h e d  i n  t h e  same d e p o s i t s  i n  the  Karaman 

a r e a  (0.760 pcal /cm2.sec) .  

This 

Sulak. Well No. 25 with a depth of 1,220 m r evea led  a l a y e r  of arenaceous 

clays with i n t e r s t r a t i f i c a t i o n s  of  sand and coquina, s t r a t i g r a p h i c a l l y  r e l a t e d  

t o  the depos i t s  of the Apsheron, Akchagyl, and Meotic s t a g e s .  The 300-1,215 m 

i n t e r v a l  was s t u d i e d .  The thermal conduc t iv i ty  of t h e  rocks,  co r rec t ed  f o r  

moisture ,  v a r i e s  from 1.56 t o  4.59 pcal/cm.sec."C. Because of t h e  absence of 

thermometric observat ions h e r e ,  the values  of t h e  s t a b l e  temperature 

g rad ien t s  were assumed t o  be analogous t o  t hose  e s t a b l i s h e d  f o r  t h e  Karaman 
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f i e l d ,  which i s  not  far  away and has  similar geologic-hydrological  cond i t ions .  

They are 0.024-0.027 "C/m. 

Resul ts  of t h e  c a l c u l a t i o n  of  thermal flows by i n t e r v a l  i n  t h e  region of  

t he  Sulak u p l i f t  are given i n  Table 11. 

0.65 u c a1 / cm2 s e c . 
The average thermal flow here i s  

The following f i v e  regions i n v e s t i g a t e d ,  i n  c o n t r a s t  t o  t h e  foregoing,  

belong t o  t h e  Sk i f  platform (Kumac a r e a  arch zone).  

Russkiy Khutor- This u p l i f t  c o n s i s t s  o f  t h r e e  shal lower bosses  ( c e n t r a l  , 
nor the rn ,  and southern) and i s  r ep resen ted  by a t y p i c a l  platform s t r u c t u r e  

of t h e  b r a c h y a n t i c l i n a l  type with very s lop ing  d ip  of  t h e  limbs ( the  

northwestern limb o f  the f o l d  d ips  a t  an angle o f  l o ,  t h e  sou theas t e rn  a t  

l " 5 0 ' ) .  

I n v e s t i g a t i o n s  were conducted i n  s e v e r a l  wells ly ing  near  each o t h e r  - -  
Nos. 4 ,  11, 13. The i n t e r v a l  i n v e s t i g a t e d  (2,435-3,395 m) i s  composed of 

Cretaceous and J u r a s s i c  l imestones , sandstones , and a l e u r o l i t e s .  

Figure 25. Changes 

3 4 5 6 R  D l  

in t h e  temperature 

4 4  

grad ien t  (y) , thermal conduc t iv i ty  ( A )  , and 
thermal flow (4) i n  r e l a t i o n  t o  depth i n  t h e  

I ,  Upper Cretaceous; 11, Lower Cretaceous; 
I11 , Lower J u r r a s i c .  

Russkiy Khutor f i e l d .  

The s t a b l e  g r a d i e n t s  

are according t o  e x i s t i n g  spo t  

measurements of temperature.  

The average value f o r  t h e  

whole l a y e r  i s  0.026 " C / m .  

With co r rec t ions  f o r  p re s su re  

and temperature ( co r rec t ions  

f o r  moisture were small , 
about 5%) t h e  average thermal 

conduc t iv i ty  was 5.08 mcal/ 

cm*sec*°C. Ca lcu la t ing  

according t o  t h e s e  d a t a  t h e  

thermal flow i s  1.32 ucal /  

cm2.sec. In  Table 11 and 

Figure 25 a r e  given t h e  

r e s u l t s  of  t h e  determinat ion 

of t h e  induc t ive  thermal flow 
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by i n t e r v a l s  f o r  t h i s  f i e l d .  The temperature g rad ien t  values  vary from 

0.018 t o  0.033 OC/m, and the  thermal flow from 0.962 t o  1.76 pcal/cm2*sec. 

Yuzhno-Sukokomskaya. This u p l i f t  i s  loca ted  8 km sou theas t  o f  Russkiy 

Khutor and c o n s i s t s  of  two bosses:  a southwestern and a n o r t h e a s t e r n ,  

s epa ra t ed  by a depression of  55-60 m depth r e l a t ive  t o  t h e  arches (along t h e  

roof of  t h e  Upper J u r a s s i c  d e p o s i t s ) .  

N . E .  65". C h a r a c t e r i s t i c  of  t h e  bosses of t h e  f o l d  i s  a s l i g h t  asymmetry 

with r e s p e c t  t o  t h e  s t eepness  of t h e  southern limb i n  comparison with t h e  

no r the rn .  Along t h e  roof  o f  t h e  Lower Cretaceous t h e  s t r u c t u r e  o f  t h e  

Yuzhno-Sukhokumskaya u p l i f t  becomes less we l l  de f ined .  The s t r u c t u r e  is  not  

def ined,  gene ra l ly ,  i n  t h e  depos i t s  above t h e  Maykopian. 

The long a x i s  o f  t h e  f o l d  extends 

Here wells No. 8 ,  11, 4 were s t u d i e d .  A t  a depth of 3,770 (bottom) 

they a l l  revealed a rg i l l aceous  sandstones of t h e  Lower J u r a s s i c .  The i n v e s t i -  

gated i n t e r v a l  (1,900-3,730 m) i s  composed of c lays  of t h e  Maykopian s e r i e s  

i n  t h e  upper po r t ion ,  and, i n  t h e  lower, of sandstones,  a l e u r o l i t e s ,  and 

l imestones of t he  Cretaceous and J u r a s s i c  systems. The s t a b l e  g r a d i e n t s  

were evaluated according t o  numerous s p o t  measurements of temperatures i n  

t h e  we l l s  and thermograms taken a f t e r  an 11 month pe r iod  o f  i d l e n e s s .  For  

t he  i n t e r v a l  1,900-2,300 m t h e  average temperature g rad ien t  i s  0.035 O C / m ,  

and f o r  t h e  2,500-3,700 m i n t e r v a l  i t  i s  0.023 " C / m .  With co r rec t ions  f o r  

p re s su re  and temperature t h e  c o e f f i c i e n t  of thermal conduct ivi ty  f o r  t h e  
same i n t e r v a l s  i s ,  r e s p e c t i v e l y ,  3.78 and 5.46 mcal/cm-sec.°C. 

determinat ions by i n t e r v a l  a r e  given i n  Figure 26 and i n  Table 11. 

Resul ts  o f  t h e  

The weighted average values of  t h e  thermal flow f o r  t h e  two we l l s  located 

i n  the  c e n t e r  of  t h e  boss (8  and l l ) ,  and f o r  wel l  No. 4 ,  located on the  

limb, a r e  1.17 and 1.37 ucal/cm2.sec, r e s p e c t i v e l y .  

The Solonchakovaya ._ u p l i f t  i s  an asymmetrical b r a c h y a n t i c l i n e  of sub- 

l a t i t u d i n a l  s t r i k e  with a r e l a t i v e l y  s t e e p  northern and a s lop ing  southern 

l imb. Eastward from the  dome the  f o l d  i s  s e v e r e l y  c o n s t r i c t e d ,  forming a 

s t r u c t u r a l  promontory. 

Wells 2 and 3 of  t he  f i e l d  were s t u d i e d  i n  geothermic r e l a t i o n s h i p .  

The i n t e r v a l  i n v e s t i g a t e d  (2,900-3,552 m) is  r ep resen ted  by dolomites and 
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l imestones,  a r g i l l i t e s  and a l e u r o l i t e s  o f  t h e  Lower Cretaceous and Upper 

Cretaceous.  

of temperature f o r  t h e  area, and t h e y  vary,  f o r  t h e  p a r t  o f  t h e  p r o f i l e  

s t u d i e d ,  from 0.017 t o  0.025 "C/m. 

temperature t h e  c o e f f i c i e n t s  of thermal conduct iv i ty  vary from 3 .40  t o  

6 .56  mcal/cm.sec*"C. 

given i n  Table 11 and Figure 27.  

The s t a b l e  g r a d i e n t s  were eva lua ted  from s p o t  measurements 

With c o r r e c t i o n s  f o r  p r e s s u r e  and 

The r e s u l t s  of  t h e  determinat ions by i n t e r v a l  are 7 I I 

I 
LJ 

i 

The average thermal 

./ 
L--/ I 

j 
I 
I 
I 

I 

3 4 3 6 7 R  08 ip (2  /,4 I 6 q  conduct iv i ty  f o r  t h e  Mesozoic 

d e p o s i t s  i n  t h e  3,422-3,735 m 

i n t e r v a l  i s  5.88 mcal/cm*sec* 

" C ,  and t h e  average tempera- 
I 

t u r e  g r a d i e n t  f o r  t h e  same 

i n t e r v a l  i s  0.0175 "C/m.  

Average thermal f l o w  f o r  t h e  

Mesozoic d e p o s i t s  i s  

1 .03  ucal /cmL-sec.  

Stepnaya. This brachy- 

a n t i c l i n e  i s  located north-  

e a s t  of  t h e  Solonchakovaya 
J 

Figure 2 4 .  Changes i n  t h e  temperature 
g r a d i e n t  (y) , thermal conduct iv i ty  (A) 
and thermal flow (9) i n  r e l a t i o n  t o  
depth i n  t h e  Yuzhno-Sukhkumskaya f i e l d .  

u p l i f t .  The wel l  s t u d i e d  

here  was No. 1.  The i n v e s t i -  
I ,  Maykopian; 11, Foraminiferous h o r i -  
zon; 111, Upper Cretaceous; I V ,  Lower gated i n t e r v a l  (2,829-2,935 m) 

Cretaceous ;- V ,  J u r a s s i  c .  1, a r g i l l a c e o u s -  i s  comprised of sandy-aleuro- 
member ; 2 ,  a r g i  1 laceous - a l e u r o l  i ti c 
member; 3 ,  l imestone with i n t e r s t r a t i f i -  l i t i c  rocks and l imestones 

~~ 

ca t ion  of  c l ay ;  4 ,  argi l laceous-arenaceous o f  t h e  Cretaceous.  The - 
member; 5 ,  argillaceous-carbanaceous 
member; 6 ,  a l e u r o l i t i c - a r g i  l l aceous-  temperature g r a d i e n t ,  

arenaceous member. eva lua ted  from a thermogram 

and also using s p o t  measure- 

ments, i s  0.025 " C / m .  The average c o e f f i c i e n t  of  thermal conducti-vi t y ,  

cor rec ted  for pressure  and temperature ,  was determined as 5.26 mcal/cmOsec-"C. 

The average thermal flow for t h e  Stepnaya f i e l d  i s  1 . 3 2  ucal /cm2-sec.  
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Bazhigan. The s t r u c t u r e  i s  

loca ted  on t h e  sou r the rn  sub- 

merged p o r t i o n  of  t h e  Kuma area 

a rch .  Two wells were examined 

(No. 2 and 3) .  The i n t e r v a l  

i n v e s t i g a t e d  (3,900-4,000 m) 

i s  composed of  a l e u r o l i t e s  and 

sandstones belonging t o  t h e  

rocks o f  t h e  folded bedrock. 

Figure 2 7 .  Changes i n  the  temperature Average thermal conduct ivi ty  is  
g rad ien t  (y) , thermal conduc t iv i ty  ( A ) ,  and thermal flow (9) i n  r e l a t i o n  t o  4 .04  mcal/cm*sec-'C. Temperature 

depth i n  t h e  Solonchakova F ie ld .  g r a d i e n t s  were evaluated from 

spo t  measurements ; t h e  average - /92 
value f o r  both we l l s  i s  0.039 " C / m .  

The average thermal flow i n  t h e  Bazhigan f i e l d  a t  t h e  i n t e r v a l  s t u d i e d  

i s  1.58 ucal/cm2.sec. 

The i n v e s t i g a t i o n s  c a r r i e d  out  permit c h a r a c t e r i z a t i o n  of  t he  thermal 

flow i n  va r ious  elements of t h e  t e c t o n i c  s t r u c t u r e  of  t h e  region s t u d i e d  

(Table 1 2 ,  Figure 28).  

Seven of  t he  regions i n v e s t i g a t e d  a r e  located wi th in  t h e  boundaries of  

the Cenozoic Tersk-Kaspiysk forward depression.  Four of  them - -  Izberbash, 

Makhachkala, Kaspiysk, Gasha - -  belong t o  t h e  Kulsary-Divichinsk depression 

(Gasha t o  t h e  western a n t i c l i n a l  zone wi th in  i t s  bo rde r s ,  t h e  o the r s  t o  t h e  

e a s t e r n ) ,  and t h r e e  -- Karaman, Sulak, Babayurt - -  belong t o  t h e  Tersk-Sulak 

depression.  

t h e  average value o f  t he  thermal flow v a r i e s  from 0.65 t o  0.96 vcal/cm2*sec.  

With an average thermal flow value of 1.05 vcal /cm2-sec according t o  depth 

i n  t h e  Kaspiysk f i e l d ,  sharp i n c r e a s e s  i n  t h e  value (1.4-2.1 pcal/cm2*sec) 

In  t h e s e  r eg ions ,  with t h e  exception of t h e  Kaspiysk a r e a ,  

were determined i n  t h e  Karagan-Chokraksk aquiferous sandstones , which i s  - /93 
ev iden t ly  r e l a t e d  t o  the  unusual geothermic condi t ions i n  these  horizons.  The 

conductive thermal flow i n  t h e  Tersk-Kaspiysk depression i s  0.85 pcal/cm2. sec, 
averaged by the  f i e l d .  This  agrees well with t h e  worldwide d a t a  concerning 

low thermal flow i n  forward depressions and i n t e r n a l  bas ins  i n  regions of 
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Cenozoic t e c t o n i c  a c t i v i t y  ( c f .  Table 6 ) .  The causes of such lowering o f  t h e  

thermal flow need f u r t h e r  s tudy.  I t  is  assumed t h a t  t h e  b a s i c  ones among them 

a r e  the  v a r i a b i l i t y  of  t h e  geothermal f i e l d  i n  zones of  i n t e n s e  v e r t i c a l  move- 

ment o f  t he  Ea r th ’ s  c r u s t ,  t h e  energy-consuming processes  i n  t h e  depths of  

such zones, and s e v e r a l  o t h e r  dep th - re l a t ed  f a c t o r s .  In  our  opinion it i s  a l s o  

p o s s i b l e  t h a t  t h e  r educ t ion  o f  t h e  thermal flow i n  t h i s  s t r u c t u r a l  region i s  

r e l a t e d  t o  t h e  e f f e c t  of  t h e  hydrodynamic f a c t o r ,  i n  which case t h e  e s t a b l i s h e d  

value can c h a r a c t e r i z e  only t h e  conductive c o n s t i t u e n t ,  and not t he  t o t a l  r a t e  

o f  deep hea t  l o s s .  

TABLE 1 2 .  RESULTS OF THE DETERMINATION OF THERMAL FLOW I N  THE 
DAGESTAN TERRITORY 

Depth i n t e r v a l  Avg . thermal 
s t u d i e d ,  i n  m flow i n  

1~ c a l /  cm2 as e c  

F i e l d  s t u d i e d  

- 

No.of- 
determin- 

a t i o n s  ~. 

Cenozoic Tersk-  Kaspiysk depress  ion  

Izberbash 
Kaspiysk 
Makhachkal a 
Gasha 
Karaman 
Bab ayur t 
Sulak 
Avg. f o r  depression 

Russkiy Khutor 
Yuzhno-Sukhokums kaya 
So 1 on chakovay a 
S t  epnaya 
Bazhigan 
Avg. f o r  platform 

10-1,962 
1,420-1,865 
1,434-1,683 
2,130-3,146 

108-4,008 
5 00- 600 
308-1,215 

0.74 
1 .05 
0.96 
0.87 
0.96 
0.70 
0.65 
0.85 

Post-Hercynian Sk i f  p l a t fo rm 

2,435-3,395 
1,900-3,730 
3,422-3,622 
2,600-2,950 
3,852-4,000 

1 . 2 1  
1.25 
1.03 
1.32 
1.58 
1.30 

19 
10 
3 
5 

26 
2 
7 

9 
9 

1 4  
2 
2 

The o t h e r  f i v e  f i e l d s  w e  i n v e s t i g a t e d  -- Russkiy Khutor, Yuzhno- 

Sukhokumskaya, Solanchakovaya, Stepnaya, and Bazhigan - -  a r e  loca t ed  wi th in  

the  Post Hercynian Sk i f  platform and belong t o  t h e  Kuma a r e a  u p l i f t s  com- 

p r i s i n g  t h e  Tersk-Kumsk b a s i n .  

depth,  i n  t hese  regions f l u c t u a t e s  from 1.03 t o  1.58 pcal/cm2*sec.  

average f o r  t h e  whole area of t h e  platform i s  1.30 pcal/cm2*sec according 

The average thermal flow, according t o  

The 
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t o  t hese  d a t a ,  which agrees  w e l l  wi th  t h e  e s t a b l i s h e d  a n a l y s i s  of  world- 

wide d a t a  on thermal flow i n  t h e  regions o f  Hercynian fo ld ing  (see Table 6 ) .  

Figure 28 .  Thermal flow d i s t r i b u t i o n  i n  Dagestan 

1, Post Hercynian Sk i f  p l a t fo rm;  2 ,  Tersk-Kaspiysk 
marginal depression;  3 ,  miogeosynclinal zone of t h e  
Greater  Caucasus; 4 ,  s t r i k e s  of  t he  axes of  t h e  
a n t i c l i n a l  zones of t h e  Dagestan Piedmont; 5 ,  Kuma a r e a  
u p l i f t  zone; 6 ,  thermal flow zone wi th  predominant 
values  g r e a t e r  than 1 . O  vcal/cm2.sec; 7 ,  thermal 
flow zone with values  p r i m a r i l y  below 1 . O  mcal/cm2-sec. 

Thus t h e  geothermal i n v e s t i g a t i o n s  produce e s s e n t i a l l y  d i f f e r e n t  values  

f o r  t he  thermal flow i n  t e c t o n i c a l l y  d i f f e r e n t  elements of t h e  a r e a  s t u d i e d .  

The v a r i a t i o n  of t he  i n d i v i d u a l  thermal flow values  e s t a b l i s h e d  i n  a number 

of  cases may be produced by circumstances of a d i f f e r e n t  n a t u r e .  

i r r e g u l a r  dev ia t ions  o f  t h e  thermal flow from t h e  average value i s  probably 

caused by chance f a c t o r s ,  g e n e r a l l y .  The tendency of t h e  thermal flow t o  

change with depth,  observed i n  t h e  i n d i v i d u a l  c a s e s ,  may be r e l a t e d  t o  

exothermic processes  i n  t h e  sedimentary l a y e r  ( p a r t i c u l a r l y  the  i n c r e a s e  i n  

t h e  flow from t h e  bottom upward i n  t h e  Izberbash and Gasha f i e l d s ) ,  then t h e  

i n c r e a s e  of  t h e  thermal flow with depth,  as e s t a b l i s h e d  f o r  t h e  Karaman 

f i e l d ,  i s  probably r e l a t e d  t o  t h e  absorpt ion of h e a t .  

Such 
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I 

CHAPTER VI 

EVALUATION OF THE EMISSION OF RADIOGENIC HEAT IN THE 
SEDIMENTARY LAYER OF DAGESTAN 

The establ ishment  o f  exhaust ive r eg iona l  geothermal d a t a  r e q u i r e s ,  

t oge the r  with experimental  determinat ion of  t he  magnitude o f  t h e  thermal flow 

a c t u a l l y  observed i n  t h e  E a r t h ' s  c r u s t  (by means of  thermometric obser- 

va t ions  and i n v e s t i g a t i o n s  o f  thermal conduc t iv i ty ) ,  a n a l y s i s  o f  t h e  r o l e  o f  

var ious sources of  deep h e a t  -- t h e i r  magnitude, d i s t r i b u t i o n  i n  t h e  

v e r t i c a l  p r o f i l e s  and according t o  f i e l d ,  and such similar f a c t o r s .  

primary i n t e r e s t  i n  t h i s  r e s p e c t  i s  t h e  e f f e c t  of  t h e  energy o f  r a d i o a c t i v e  

decay, which, although recognized as t h e  primary source o f  i n t r a - E a r t h  h e a t ,  

s t i l l  has  not  been cha rac t e r i zed  by d i r e c t  eva lua t ions  according t o  r eg ions .  

In  t h i s  connection we attempted t o  eva lua te  t h e  geothermal s i g n i f i c a n c e  

of t h e  decay of  r a d i o a c t i v e  elements d i spe r sed  i n  t h e  sedimentary s t r a t a  of  

t h e  a r e a  s t u d i e d .  

Of 

Based on t h e  hypothesis  of R .  S t r u t t ,  J .  J o l a ,  and G .  J e f f r i e s ,  

t h a t  t h e  r a d i o a c t i v e  elements are concentrated i n  one l a y e r  H of  t h e  E a r t h ' s  

s u r f a c e ,  A.  N .  Tikhonov determined temperatures f o r  a s t e a d y - s t a t e  thermal 

f i e l d  

A X2 
U o ( X )  = 7 (H 

0 2 

- -1 x 2 .  

when H < X < m 

when 0 - -  < X < H, 

- u (X) = - 

where U o ( X )  i s  t h e  temperature at  depth X ;  A i s  t h e  d e n s i t y  of t he  thermal 

source;  and X i s  t h e  thermal conduc t iv i ty .  

The thermal flow a t  t h e  s u r f a c e  of  t h e  Ea r th  i s  determined by t h e  formula /95 - 

while  t h e  f u l l  value of t h e  thermal flow i s  obtained only when H i s  t h e  

thickness  of  a l a y e r  such t h a t  a l l  t he  r a d i o a c t i v e  elements c r e a t i n g  the  

thermal flow a r e  concentrated wi th in  i t .  Determination of t h e  r a d i o a c t i v e  

element content  i n  l i t h o g r a p h i c a l l y  homogeneous l a y e r s  f o r  each i n t e r v a l ,  
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and t h e  subsequent c a l c u l a t i o n  of  t h e  amount of  h e a t  generated i n  t h e i r  

decay, makes p o s s i b l e  determination of  t h e  r a d i o a c t i v e  component of t h e  

thermal flow i n  t h a t  i n t e r v a l  from the  r e l a t i o n s h i p  Aq = AH, where A is  t h e  

thermal energy of  t h e  r a d i o a c t i v e  sources  i n  t h e  l a y e r  o f  t h i ckness  H .  

Ca lcu la t ing  the  amount of h e a t  generated i n  t h e  form of r a d i o a c t i v e  

decay i n  each i n t e r v a l ,  it i s  p o s s i b l e  t o  o b t a i n  t h e  t o t a l  amount of t he  

thermal flow i n  an i d e a l  s i t u a t i o n ,  i . e . ,  i n  t h e  absence of l a t e r a l  hea t  

l o s s e s ,  energy-consuming processes  t ak ing  p l a c e  with an absorpt ion of hea t  , 
and hea t  removal by underground water .  But such a method o f  c a l c u l a t i o n  holds 

t r u e  only i f  t h e r e  i s  bu t  one hea t  source a c t i n g  i n  the  l a y e r  under s tudy ,  

namely r a d i o a c t i v e  decay, and i f  the content of r a d i o a c t i v e  elements i n  

the  rocks i s  cons t an t .  

A complete s o l u t i o n  t o  t h e  problem of the  r o l e  o f  r ad iogen ic  hea t  i n  t h e  

E a r t h ' s  thermal regimen i s  s e r i o u s l y  hampered by t h e  lack of  s u f f i c i e n t  

information about t he  d i s t r i b u t i o n  of  r ad ioac t ive  elements within t h e  body 

of t he  p l a n e t .  " L i t t l e  i s  known t o  us concerning t h e  changes i n  t h e  

r a d i o a c t i v e  element content  with depth,  and t h i s  i s  t h e  d e c i s i v e  obs t ac l e  

t o  t h e  f u r t h e r  development o f  thermal theo ry .  The d i f f e r e n c e s  between the  

maximum and minimum contents  o f  r ad ioac t ive  elements and the  probable 

d i f f e r e n c e s  i n  t h e i r  d i s t r i b u t i o n s  i s  such t h a t  it can l ead  t o  considerable  

d i f f e r e n t  r e s u l t s  , ' I  (Birch, 1954) . Considering t h a t  our i n v e s t i g a t i o n s  

were concerned with the  sedimentary l a y e r  of Dagestan, w e  s h a l l  dwell 

b r i e f l y  on general  information about t h e  r a d i o a c t i v i t y  of t he  sedimentary 

rocks.  

General Information - Concerning t h e  ._ R a d i o a c t i v i g  -~ of Sedimentary Rocks 

The r a d i o a c t i v i t y  of  sedimentary rocks i s  r e l a t e d  t o  t h e  presence of 

p o t a s s i c ,  e s p e c i a l l y  o f  uranium and thorium, uranium and thorium-containing 

minerals  i n  them, and a l s o  of  absorbed r a d i o a c t i v e  elements.  The weighted 

average content  o f  r a d i o a c t i v e  elements i n  t h e  whole sedimentary l a y e r  i s  

n e a r l y  t h e  same as  t h e i r  content  i n  a c i d i c  igneous rocks.  

Almost a l l  sedimentary rocks contain uranium i n  amounts on t h e  o rde r  

of  g/g (and some, e s p e c i a l l y  black marine c l ay  s h a l e s  and phosphates,  
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up t o  g/g) and s e v e r a l  times as much thorium. On t h e  o t h e r  hand, 

rocks such as sandstones and l imestones may be so  poor  i n  uranium t h a t  i t s  

content  sometimes approaches t h e  l i m i t s  of accu ra t e  determinat ion.  The 

r a d i o a c t i v i t y  d i f f e r s  f o r  d i f f e r e n t  l i t h o l o g i c  types  o f  rock. 

Clays and c l a y  s h a l e s .  Among t h e  sedimentary rocks (excluding potassium 

s a l t s )  t h e  c l ays  have, on t h e  average, t h e  h ighes t  r a d i o a c t i v i t y .  The 

r a d i o a c t i v e  element content  i n  deep s e a  c l ay  d e p o s i t s  reaches 57-10-12 g-equiv. 

Ra/g and more. Cont inental  and shallow water sediments are less r a d i o a c t i v e  

(from 3-10-12to 30-10-12 g-equiv. Ra/g). The most r a d i o a c t i v e  of the s h a l e s  

a r e  t h e  black marine s a p r o p e l i c  v a r i e t i e s .  

The r e l a t i v e l y  high r a d i o a c t i v i t y  of  t h e  c l ays  and c l ay  sha le s  i s  

explained by t h e  fol lowing f a c t o r s :  a high s o r p t i o n  o f  uranium, radium, 

thorium, and potassium i n  the  c l ay  p a r t i c l e s ;  t h e  presence of potassium, 

thorium, and hexavalent uranium minerals ;  t h e  formation of t e t r a v a l e n t  

uranium minerals i n  a reducing medium; and t h e  formation o f  s o l i d  s o l u t i o n s  

(some of t h e  r a d i o a c t i v e  minerals  can form s o l i d  s o l u t i o n s  with c l ay  mine ra l s ) .  

The r e l a t i v e l y  high r a d i o a c t i v i t y  of t he  c l ays  and a r g i l l a c e o u s  rocks i s  

a l s o  explained by t h e  r e l a t i v e l y  high potassium content  of t h e s e  rocks 

(up t o  6 .5%).  

Sandstones. Most o f t e n  t h e  r a d i o a c t i v e  elements contained i n  sandstones 

a r e  i n  t h e  form o f  isomorphic impur i t i e s  i n  t h e  minerals  of  t he  heavy 

f r a c t i o n ,  f o r  which a s i g n i f i c a n t l y  l a r g e  Th t o  K r a t i o  and a small  K 

content  a r e  c h a r a c t e r i s t i c .  Radioactive elements may a l s o  occur i n  the  

clayey cement of t h e s e  rocks i n  adsorbed form. O r d i n a r i l y  sandstones contain 

only t r a c e s  o f  radium, uranium, and thorium, and a l i t t l e  potassium. A 

minimum content o f  r a d i o a c t i v e  elements is c h a r a c t e r i s t i c  o f  t h e  we l l - so r t ed  

marine, b a s i c a l l y  q u a r t z i t i c ,  sandstones.  

A high content  of  r a d i o a c t i v e  elements,  depending on t h e  s h a l i n e s s ,  has 

been e s t a b l i s h e d  f o r  t h e  a r g i l l a c e o u s  v a r i e t i e s  o f  sandstone,  and a l s o  f o r  

sandstones with o rgan ic  i m p u r i t i e s .  The na tu re  o f  t h e  i n c r e a s e  i n  radio-  

a c t i v i t y  i n  r e l a t i o n  t o  t h e  s h a l i n e s s  o f  t he  sandstone i s  shown i n  Figure 29 

(Kobranova, 1962). 



Carbonates. Pure marine l imestones 

and dolomites are oniy s l i g h t l y  r ad io -  

act ive,  as a rule. The i r  uranium content  

does n o t  exceed 4*10-6 g/g. 

r a d i o a c t i v i t y  of t h e  organic  l imestones 

i s  caused by t h e  ox id iz ing  condi t ions 

under which these  depos i t s  a r e  formed. 

The weak 

S h a l i n e s s  inc reases  t h e  r a d i o a c t i v i t y  of  

t h e  carbonaceous rocks.  In  some p r o f i l e s  DL,% 

Figure 29. Dependence of of petroleum depos i t s  , dolomitized 
uranium content  on s h a l i n e s s  
f o r  sandy-argi l laceous rocks 
( V .  N .  Kobranova) a c t i v i t y  have been found. Considerable ,  

l imestones o f  abnormally high radio-  

1, sand; 2 ,  sandstone;  
3, clayey sand and koa l in -  
i z e d  sandstone;  4 ,  c lay;  
5 ,  sandy c l ay .  

even commercial r a d i o a c t i v i t y  i s  found 

i n  vanadium-rich marine l imestones.  

The r a d i o a c t i v i t y  of t h e  marls i s ,  

on t h e  average, h ighe r  than t h a t  o f  t h e  

pure l imestones and, i n  a number of ca ses ,  i s  c lose  t o  t h a t  of t h e  c l a y s .  

A sma l l e r  amount of  r a d i o a c t i v i t y  i s  c h a r a c t e r i s t i c  f o r  t h e  l i g h t  colored 

marls, and a g r e a t e r  amount o f  r a d i o a c t i v i t y  f o r  t h e  dark colored.  

The c h a r a c t e r i s t i c s  o f  t h e  r a d i o a c t i v i t y  of d i f f e r e n t  types of 

sedimentary rocks,  combined from t h e  d a t a  o f  N .  S .  Boganik (1966) and V .  N .  

Kobranova (1962) , a r e  given i n  Table 13. 

On t h e  whole, t he  sedimentary rocks can be combined i n t o  t h r e e  groups 

according t o  t h e i r  degree of r a d i o a c t i v i t y :  

1. Rocks with low r a d i o a c t i v i t y ,  which inc lude  we l l - so r t ed  and 

weakly cemented monomineral q u a r t z i t i c  sands , sandstones,  a l e u r o l i t e s  , pure 

l imestones , and dolomites.  

2 .  Rocks with moderate r a d i o a c t i v i t y  - -  clayey v a r i e t i e s  of  sedimentary 

rocks ( a r g i l l a c e o u s  sands,  sandstones , a l e u r o l i t e s  , a r g i l l a c e o u s  l imestones 

and dolomites , and some marls) , as w e l l  as rocks with organic  i m p u r i t i e s .  

3 .  Rocks with high r a d i o a c t i v i t y  - -  potassium sa l t s ,  monazi t ic  and 

o r t h i t i c  sands , deep s e a  c l ays  , and g l o b i g e r i n a  ooze. 
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TABLE 13. CONTENT OF RADIOACTIVE ELEMENTS I N  SEDIMENTARY ROCKS 

K K I Ra 
N.S. Boganik 

min. max. av. 

V . N . Kobranova 
(1962) (1966) Li thologic  

compos it i on 

13 

- -  

0 . 5  

- -  

I I 

0.027 0.065 0.032 - -  1 . 3  

0.011 0.013 0.012 -- 0-1.5 

0.026 0.083 0.003 - -  0 . 5  

- -  0.26 0.11 

Clays and clay 
shales 

Sandstones 

Limestones 

I - -  ~ - -  
Dolomites 

4.0 4.3 

3.0 4.0 

1 . 4  1.5 

up to 

-- 1 0 .3  

(1966) izprpx- 

10 15 11 



Methods f o r  Determining Uranium, Thorium, and Potassium Concentrations 
i n  Rocks 
- ~ _ _ _ _  . I = - j -  - . . _ _ _ - - - _ I _  . .  ~ _ _ . . .  -. . - --- 

The process  of  r a d i o a c t i v e  decay r ep resen t s  an example of  t he  t r a n s f o r -  

mation o f  mass i n t o  energy i n  conformity with E i n s t e i n ' s  equat ion AE = A m c 2 .  

This energy is  manifested i n  t h e  form o f  t h e  k i n e t i c  energy of  a lpha and b e t a  

p a r t i c l e s ,  p a r e n t  nuc lea r  r e c o i l ,  and i n  t h e  r a d i a t i o n  of quantum x-rays,  

y-rays , and n e u t r i n o s .  

There are two ways, i n  p r i n c i p l e ,  o f  determining t h e  energy o f  radio-  

a c t i v e  decay: t h e  f i r s t  i s  t o  determine t h e  energy of  a l l  t he  ind iv idua l  

p a r t i c l e s  and quanta;  t h e  second i s  t o  determine by mass-spectrometry t h e  

d i f f e r e n c e s  i n  the  masses of t he  p a r e n t  and t h e  end p roduc t s .  

t h e  d i f f e r e n c e s  of mass i n  t h e  r a d i o a c t i v e  n u c l e i  a r e  b e s t  determined by a 

summation of  t h e  i n d i v i d u a l  r a d i a t i o n s .  

t h e  e f f e c t  of  n e u t r i n o  emission, t he  amount of  hea t  emit ted would be simply 

the  hea t  energy equ iva len t  of t h e  mass d i f f e r e n c e  between the  parent  and the  

daughter products ;  b u t  s i n c e  the  n e u t r i n o  removes p a r t  of t h e  energy and i s  

not  absorbed by t h e  Earth,  then appropr i a t e  c o r r e c t i o n s  a r e  introduced.  

P r a c t i c a l l y ,  

I f  it were p o s s i b l e  t o  d i s r ega rd  

Radiometric methods based on measuring t h e  r a d i o a c t i v e  r a d i a t i o n  of t h e  

t e s t  specimens a r e  commonly used t o  determine t h e  r a d i o a c t i v e  element content  

of rocks.  The r a d i o a c t i v i t y  of rocks according t o  t h e i r  y - r ad ia t ion  i s  

expressed i n  percentages of uranium con ten t ,  while  t h e  counting r a t e  of  

t h e  y-quanta from t h e  rock sample i s  compared with the  counting r a t e  of 

y-quanta from a s t anda rd  specimen with a given uranium con ten t .  

a t i o n  of t he  uranium, thorium, and potassium contents  of  t h e  rock samples with 

low contents  of  r a d i o a c t i v e  elements was c a r r i e d  out on an LSU-5K u n i t  using 

an NaJ(T1) as  t h e  phosphor pickup. 

Determin- 

In i r r a d i a t i o n  of t h e  phosphor with y-rays,  p a r t  of t h e  t o t a l  number of  

y-quanta f a l l i n g  on t h e  phosphor forms charged p a r t i c l e s ,  bu t  t h e  remainder 

pass  through t h e  phosphor without l o s s  of  energy. The formation of  secondary 

e l e c t r o n s  during the  passage of  t h e  y-quanta through t h e  phosphor t akes  

p l ace  as a r e s u l t  of  p h o t o e l e c t r i c  abso rp t ion ,  Compton s c a t t e r i n g ,  and p a i r  

format i on. 
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In  determining t h e  t o t a l  a c t i v i t y  of t h e  sample, when it  i s  necessary 

t o  record the  g r e a t e s t  p o s s i b l e  number o f  y-quanta f a l l i n g  on t h e  phosphor 

r ega rd le s s  f o r  energy, impulses emanating from any event  of  t h e  r e a c t i o n  

a r e  recorded. In t h i s  case t h e  number recorded quanta  may be  c a l c u l a t e d  

by t h e  formula 

N = ZN; (1 - & d ) ,  

i where No i s  t h e  number of  y-quanta f a l l i n g  on t h e  phosphor; N i s  t h e  number 

o f  y-quanta forming secondary e l e c t r o n s  i n  t h e  phosphor; pi i s  t h e  l i n e a r  

c o e f f i c i e n t  of t h e  y-quanta i n t e r a c t i o n  of  t he  given energy i n  t h e  phosphor. 

The c o e f f i c i e n t  pi r e p r e s e n t s  t h e  sum of t h e  i n d i v i d u a l  i n t e r a c t i o n  

f a c t o r s  o f  t he  t h r e e  c u r r e n t  processes  : p h o t o e l e c t r i c  abso rp t ion ,  Compton 

s c a t t e r i n g ,  and p a i r  formation. The e f f e c t i v e n e s s  of  y - r a d i a t i o n  recording 

by a s c i n t i l l a t i o n  counter  with an NaI(T1) phosphor depends on t h e  energy of  

t h e  y-quanta and t h e  th i ckness  of  t h e  phosphor. With a t h i ckness  o f  1 . 5  cm 

it i s  p r a c t i c a l l y  100% f o r  energies  of  0 . 1  Mev and r a p i d l y  decreases  with an 

inc rease  i n  energy of t h e  d i s c e r n i b l e  y-quanta; with ene rg ie s  o f  2.6 Mev it 

i s  approximately 18%. 

ness  with an inc rease  t h e  y-quanta ene rg ie s  occurs more slowly. Thus, a 

s c i n t i l l a t i o n  counter  equipped with a 5-cm NaI(T1) c r y s t a l  w i l l  provide a 

recording e f f i c i e n c y  o f  t h e  o r d e r  o f  SO% f o r  y-quanta ene rg ie s  o f  2 . 6  MeV. 

Since the  n a t u r a l  r a d i a t i o n  energy o f  y-quanta v a r i e s  w i th in  broad l i m i t s ,  

b e s t  recording i s  provided by a phosphor of r a t h e r  l a r g e  dimensions. The 

apparatus  we used was equipped with NaI(T1) c r y s t a l s  of  40 mm i n  diameter and 

a he igh t  of  50 mm. 

F o r  a very t h i c k  phosphor, t h e  inc rease  i n  t h e  e f f e c t i v e -  /101 

With t h e  LSU-5K i t  i s  not  only p o s s i b l e  t o  record y-quanta bu t  a l s o  t o  

measure t h e i r  energy. I n t e g r a l  and d i f f e r e n t i a l  methods e x i s t  f o r  t h e  

i n v e s t i g a t i o n  and g raph ic  r e p r e s e n t a t i o n  of t h e  pu l se  d i s t r i b u t i o n  amplitudes.  

The i n t e g r a l  method i s  based on the  s e q u e n t i a l  r eco rd ing  of  t h e  pu l se  count 

a t  d i f f e r e n t  l e v e l s  of p u l s e  amplitude d i sc r imina t ion .  

F o r  t he  s o l u t i o n  o f  t h i s  problem i n  a gene ra l  ca se ,  i t  is necessary t o  

measure f o u r  parameters o f  r a d i o a c t i v e  r a d i a t i o n  from t h e  sample and i n  the  
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case of each of t h e s e  measurements maximum s e n s i t i v i t y  t o  t h e  component be ing  

measured and minimum s e n s i t i v i t y  t o  t h e  o t h e r  components must be secured.  

Idea l  condi t ions of  measurement, when each o f  t h e  measurements would 

c h a r a c t e r i z e  t h e  content  of  only one of  t h e  components measured, were no t  

achieved; t h e  h ighe r  t h e  c o e f f i c i e n t  of s e p a r a t i o n ,  t h e  more accu ra t e  i s  t h e  

a n a l y s i s ,  i . e . ,  t h e  h i g h e r  t h e  s e n s i t i v i t y  t o  t h e  given component i n  the  

appropr i a t e  channel.  

Inves t iga t ions  i n  r ecen t  yea r s  have shown t h a t  t h e  g r e a t e s t  s e n s i t i v i t y  

with high c o e f f i c i e n t s  o f  s e p a r a t i o n ,  i n  the determinat ion o f  radium and t h o r i -  

um, can be assured i n  d i f f e r e n t i a l  measurements of  t h e  y - r ad ia t ion  i n  the  energy 

range o f  240 kev and 350 kev with t h e  h e l p  o f  a s c i n t i l l a t i o n  spectrometer .  

For the determinat ion of  uranium it i s  p o s s i b l e  t o  use measurements of  

e i t h e r  B-radiat ion o r  y - r a d i a t i o n  i n  t h e  y-quanta energy range o f  approximately 

100 kev. From Table 1 4  it can be seen t h a t  i f  t he  emission r a t i o  of  uranium, 

radium, and thorium a r e  approximately equal ,  f o r  potassium the con t r ibu t ion  o f  

i t s  r a d i a t i o n  with 8-measurements i s  o f  a h i g h e r  o rde r  than with y-measurement 

i n  the  90-105 kev range. Therefore ,  i n  determining uranium by the  @ - r a d i a t i o n ,  

e r r o r s  i n  t h e  potassium determinat ion w i l l  a f f e c t  more i n  the  accuracy of t h e  

uranium determinat ion.  For t h i s  reason y-measurement i s  chosen with an energy 

range of  90-105 kev f o r  determining uranium, which a s su res  a high degree of  

accuracy of  t h e  a n a l y s i s .  For determining and excluding t h e  e f f e c t  o f  potassium 

i n t e r f e r e n c e ,  e i t h e r  d i f f e r e n t i a l  y-measurements i n  t h e  1 .4 -1 .5  Mev range - / l o 2  

(photopeak K40 - 1 . 5  MeV) o r  B-measurements may be used. 

TABLE 1 4 .  EMISSION RATES OF RADIOACTIVE COMPONENTS I N  MEASUREMENTS 
OF B-RAYS AND y-RADIATION I N  THE 90-105 kev RANGE. 

In d i c  a t  o r  

8-rays 

y - r a d i  a t i  on 

On t h e  b a s i s  o f  t h e  measurements of t h e  samples i n v e s t i g a t e d  i n  f o u r  

channels i t  i s  p o s s i b l e  t o  set  up t h e  following equa t ions :  
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where A1, A 2 ,  A3, A a r e  t h e  a c t i v i t i e s  o f  t h e  t e s t  sample f o r  each measure- 
ment i n  t h e  corresponding channels ,  expressed i n  t h e  equ iva len t  of  a s t a b l e  

amount of  uranium; A:i), 4:), &I, 4 i )  a r e  t h e  uranium equ iva len t s  
of t he  uranium group, radium group, thorium, and potassium according t o  

measurements of t h e  r a d i a t i o n  energy o f  amounts o f  U308  e n e r g e t i c a l l y  

equivalent  t o  t h e  amount o f  uranium, radium, thorium, and potassium i n  t h e  

corresponding channels;  U ,  Th, Ra, K a r e  t h e  con ten t s  of uranium, thorium, 

radium, and potassium i n  percentages of  t h e i r  uranium equ iva len t s .  So lu t ion  

of t hese  equat ions i s  according t o  t h e  following formulas:  

4 

U = alA1 -1- 6lAz + clA3 -t 
Ra= azAl  + 6,A2 + c2A3 + d2A4, 

Th= a3A1 + 63A2 f ~ 3 A 3  t- d3A4, 
K= a4Al $- 64Az 4- ~ 4 A 3  + d4A4. 

where a - a 

s o l u t i o n  o f  a l l  f o u r  equa t ions .  

b l  - b4,  c1 - c4, dl  - d4 a re  t h e  c o e f f i c i e n t s  obtained by 1 4' 

A+hJ A '  i s  c a r r i e d  out  from Determination of t h e  c o e f f i c i e n t s  A;, AAaJ  K 
t h e  r e s u l t s  of y-measurements of  s t anda rd  samples of  equ iva len t  

uranium, uranous-uranic oxides ,  thorium, and potassium i n  each of t h e  

s e l e c t e d  channels according t o  t h e  following formulas : 

, V i  - Q P ,  , A i =  %h'  Q U R * ~ U R  

= NbR.QTh.  P,, N&. Q,. P, ' 
i i  i i 

NThJ  N a r e  t he  pu l se  counting r a t e s  a f te r  deduction of t he  "' K where N U ,  

background i n  measurements o f  s t anda rd  amounts of uranic-uranous oxides ,  

equivalent  uranium, thorium , and potassium i n  t h e  corresponding channels ; 

Q,, QuRJ QThJ QK are t h e  contents  of uranium, equ iva len t  uranium, thorium, 

P u ,  PUR, PTh, P and potassium i n  t h e  s t anda rd  samples, i n  %; 

of t h e  corresponding s t anda rd  samples, i n  grams. 

are t h e  weights K 
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5 5  5 5 I n  t h e  determinat ion o f  A ”, ARa, 4rh, A K ,  no co r rec t ions  f o r  weight 

a r e  introduced s i n c e  the  @-measurements a re  made i n  a s a t u r a t e d  l aye r .  

Then 

and t h e  working formulas t a k e  on the form: 
U = F A I + T A , - t , - A A , - - A A j ,  a2 f13 f l r  

b bz b 

CI c2 C3 C4 

Ra= + A l  + F A ,  + ; A 3  + Ad, 

Th = 7 A i  + F A ,  + A j  + ;i; A j ,  
K = - - L A  d 1--AAZ--A3+FA5, d2 d3 d4 

where U ,  Thy Ray K a r e  the  con ten t s  of  t he  elements,  i n  %; A1, A 2 ,  A3, A 

the  sample a c t i v i t i e s  ( i n  %) of  equ iva len t  uranium i n  t h e  corresponding 

channels;  a.  
1, 1 

t h e  system of equat ions.  

a r e  5 

b i ,  c i ,  d.  a r e  t h e  c o e f f i c i e n t s  obtained i n  the  s o l u t i o n  o f  

A s  concerns the  accuracy o f  t h e  method o f  measurement employed, t he  

following should be kept  i n  mind: 

/ l o 4  ~- 1. The s e n s i t i v i t y  t h r e s h o l d  of  t he  a n a l y s i s  f o r  uranium, with a radium 

and thorium content of  and s e v e r a l  pe rcen t s  of  potassium, i s  

approximately 2-3.10-4%. Increase of  t he  radium and. thorium contents  lowers 

t h e  accuracy of  uranium determinat ion,  t he  e f f e c t  of  t h e  potassium i s  sma l l .  

2 .  S e n s i t i v i t y  t h r e s h o l d  o f  t h e  thorium determinat ion with 

uranium and radium content  and s e v e r a l  Dercents o f  potassium i s  1.5-10-4%. 

The presence of  radium a f f e c t s  t h e  accuracy of  t h e  determinat ion bu t  uranium 

and potassium have no e f f e c t .  

3. S e n s i t i v i t y  th re sho ld  o f  t h e  a n a l y s i s  f o r  potassium with a r a d i o a c t i v e  

component o f  nolo+% i s  0.35%. 

e f f e c t  on t h e  accuracy o f  t h e  potassium determinat ion,  radium has a somewhat 

g r e a t e r  e f f e c t .  

The presence o f  uranium and thorium has l i t t l e  
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D i s t r i b u t i o n  of  - Radioactive - Elements i n  t h e  Sedimentary Rock __T_ Cover and t h e  
Thermal E f f e c t  o f  The i r  Decay ___ _____ 

Determination of  t h e  concentrat ion o f  r a d i o a c t i v e  elements i n  t h e  rocks 

comprising t h e  thermometrically and thermophysically s t u d i e d  i n t e r v a l s  of 

t h e  p r o f i l e s  i n  t h i  i n v e s t i g a t e d  regions o f  Dagestan, and of  t h e  thermal 

e f f e c t  of  t h e i r  decay (Table 15) revealed the  p e c u l i a r i t i e s  of  t h e i r  

d i s t r i b u t i o n  (Table 16) and permit ted q u a n t i t a t i v e  e v a l u a t i o n  of t h e  thermal 

capac i ty  of  r a d i o a c t i v e  decay, both i n  t h e  ind iv idua l  l i t h o l o g o - s t r a t i g r a p h i c  

members (Table 17) as  we l l  as  w i th in  t h e  boundaries of  t h a t  e n t i r e  po r t ion  o f  

t h e  sedimentary cover s t u d i e d  (Table 18) .  

I t  was e s t a b l i s h e d  t h a t  t he  r a d i o a c t i v e  element content  i s  d i r e c t l y  r e -  

l a t e d  t o  t h e  l i t h o l o g i c  composition of  t h e  rocks (Table 17 ) .  

have the  h ighes t  r a d i o a c t i v i t y  o f  a l l  t h e  sedimentary rocks o f  Dagestan, 

and t h e  l imestones have t h e  lowest,  al though i t  v a r i e s  i n  t h e  l a t t e r  w i th in  

broad l i m i t s .  No r e l a t i o n s h i p  was observed between the  r a d i o a c t i v e  content 

of t h e  rocks and t h e i r  age o r  t h e  depth of  t h e  s t ra ta .  Ne i the r  has  any 

c l e a r  r e g u l a r i t y  been discovered y e t  i n  t h e  d i s t r i b u t i o n  o f  t h e  r a d i o a c t i v e  

elements i n  t h e  d i f f e r e n t  p a r t s  of t h e  t e r r i t o r y  s t u d i e d .  A t  t h e  same time, 

t h e  high r a d i o a c t i v i t y  o f  t h e  Mesozoic rocks o f  t h e  S k i f  platform cover, 

i n  comparison wi th  t h e  formations of t h e  same age i n  t h e  Tersk-Kaspiysk 

depression,  a t t racts  t h e  a t t e n t i o n  - -  f o r  a 100 m t h i c k  l a y e r  i n  t h e  

The clays 

Russkiy Khutor f i e l d  t h e  thermal e f f e c t  of r a d i o a c t i v e  decay i s  0.0060 veal/ 
cm2-sec, as shown i n  Table 18, while i n  t h e  Gasha f i e l d  i t  is  only 

0.0035 peal/ cm2 s e  c . 
The r e s u l t s  o f  our  i n v e s t i g a t i o n s  agree we l l  with t h e  d a t a  i n  t h e  l i t e r a -  

t u r e .  For example, i n  t h e  Karaman w e l l ,  which was the  most s t u d i e d  one from 

t h e  radiogeochemical p o i n t  of view, t h e  average thermal e f f e c t  of  t he  decay o f  

r a d i o a c t i v e  elements dispersed i n  the  100-3,000 m inte.rva1 was 1 . 1 6 0 1 0 - ~ ~  

cal/cm 

i n  h i s  c a l c u l a t i o n s  (Tikhonov, Samarskiy, 1953). 

sec, which i s  very c lose  t o  the  1.3.10-12 used by A. N .  Tikhonov 

/ 1 1 2  
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TABLE 15. RESULTS OF THE INVESTIGATION OF RADIOACTIVE ROCKS AND THE 
EMISSION OF RADIOGENIC HEAT IN THE STUDIED REGIONS OF DAGESTAN 

1;@35 
1,917 

1 3 6  

0.67 
7 

Yuzhno- Sukhokums kava 

1;63 
1,063 
1,788 
1,19 

0.84 
0,112 

C 1 ays 

Sandstoner 
O;M9 
0.075 
0,n369 
0,117 
0,129 

S and s tones 

Do lomi t es 

0;02 

- 
0,@32 - 

0.01610.0132 

Limestones 1 Crz 

Ji 

Argil 1 aceous 
aleurol i t es 

! I :  
i J ?  
Aleurolites I C r l  

1999-2005 
2539-2444 
2545-2550 
3952-3359 
3412-3118 
3 14043 14 6 
3146-3 150 
3 150-3 15 'r 
3236-3292. 
3238-329D 
3 28 1 -3 "8:3 
3301-3308 

:330:3-33 15 
3312-:3:318 
3?.39-3345 

:3 352-33 s9 

3 't 12-35 18 
3428-3'125 
37111-3706 
:34:3s-:< 'r 2 
3447-34.S5 
2759-2762 

: ~ : ~ n 6 - : ~ 1 2  

3:347-3350 

;w" 1 i 

6,4 
46,5 
26,4 
20 
17 - 
1,2 

29,2 
35,5 
9 2 
19 

2 
13 
- 
- 
5 

1n 
19.5 

5 
12.6 
9 
2 ,6  
1,9l 

., - I - J , i  

- 

0,3 1,793 0,373 0,005 0,037 
7 1,128 2,545 0,110 0,039 
8,5 1,049 1,445 0,134 0,020 
2 I i H  1.56 0.117 0,03350.@32 

11 ' 0;OSO 0,185 - 
9 1 1 3 8  I - 10.145 l0;02i 
7.3 1.24/1 0.067 0.117 0.021 
4,1 
4,5 
2,3 
7 
8 
5 
9 
8 
7 
6 
> 
6,4 
8 
8 

14 
- 
7:9 
8 , 3  

1;ou 
0,11 
1,20 

I ,56 

3 , 3 5  

c 

I ) i i  

1,252 
0,120 
1,2O 
2,318 

Russkiy Khutor 
4s  
29 
1 3 
1:: 

:::i 

17 

9'7 

I 

x 
28 

9 
12 

Note: Commas indicate decimal points 

- 
- 

0,20 
1,479 
0,117 
1,72 

0,29 
0 ,73  
0 , 5 5 4  
0,66 
0,107 

- 

/lo5 
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I 

K 

TABLE 15. (Continued) 

10-12 cal/cm3*sec 
u 1 Th 1 Y 

/ 106 

2 1 1,13 0,116 0,01670,023 
0,03 10,175 0,235 ; I ; : / -  0,347 0,382 

0,116 . - 
1,085 - 
1,823 - 
0,223 0,115 
0,751 0,033 

n , m  0.166 
0,61 0,226 

0,0006 - 
- 
- 
- 

0,0359 
0 , O W  

O , O ~ I : I  
- 

Sandstones 

Limestones 

Dolomites 

Limestone: 

c: 
J? 
R 

D 
Cr I 

J", 

Argi l  l i t es  
I -  

19 
32 
4 

a3 
18 
7 

Aleuro l i  t e s  

Sands tones 

2 - -  
- - 
- - 

7 1,89 
5 1,23 

7 0.90 
13 - 

Sands tones 

Arenaceous 
Limestones 

1 
3 

Cr? 
)) 

D 
)> 

w 
Crl 

Jz 
Cr 1 

J3 
J? 

5 3  
Jz 

P 

)) 

8 
20 

3 4  

2 6  Argi 11 aceous )) 

l imestones 
I 

37 
1 

::'k 

C 1 ays 

30 
31 

2 8  
75 

L i m e s  tones  

Glauconi t ic  
Sands tone 

.... 

F 
30'14-3049 
3147-3 152 
3271-3276 
X316--J3:! I 
2432-2457 
2478-2iS4 
2i79-2 456 
37-51-3239 
:32ss--3293 
33@5-3:110 

SC 
7903-2913 
291 5-2921 

'930-2935 
2935-2911 
.';5:3 0-353 5 
3535-:3540 
3379-3584 
3651-3656 
?A3 4 - 3  '139 
314't-3158 
;36711-:36 76 
3691-3696 

- 

- 

29:3n72933 

35 10-3513 
3560--3763 
!G07-3603 

3608-3613 

2612--26/t7 
26(t7-265:! 
2663-2670 
29/1;!-29 5 3 
33::9-334 1 
2-i9:!-2803 
2979-2935 
:\y;+-:3y):\ 

2 
21 
2 
6 
3 

8 
37 
36 

5 
3 

40 
Bazh 

- 

- 

8 

19 
3 

44 
12 
2 
1 

36 
15 
7 

- 

- 

- 

0.1 In5 0,129 
l i . 22  I - 1 1 

Note: Commas i n d i c a t e  decimal p o i n t s .  
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TABLE 15. (concluded; / lo7 

Li tho l o g i c  
composition 

c l ays  

sandstones 
Sands & 

Sandstones 

Limestones 

C 1 ays 

C 1  ays 

C 1  ays 

I N1:rm 

I I 

Makhachkal a 
1 6 j 9 - 1 G c  

1513- 1523 
17jO-1755 
1755-1 760 

( 

3105-3 109- 
3118-3121 
315;-3164 
3139-321'6 
2 1 26-2 I 3n 
2778-2732 
2815--1S"i 
2.$76-? 3'50 

29'18-233i 
3090-3095 

I 5n3-15ns 

z " n i 2  

Kar am an 
l l l , 3 - l l : ~  I - I 5 ' )  - 

16 41) 
:31 - 
31 31 

17 
26 37 
- 

Note: Commas i n d i c a t e  decimal p o i n t s .  

101 



Y 

Lithologic  
compos it i on 

Clays 

Argi 1 l i t es  

0 
N 

TABLE 16. RADIOACTIVITY OF SEDIMENTARY ROCKS OF DAGESTAN 

Aleuro l i t e s  ~ 

Limes tones 

Heat emission, cal/cm3*sec Icontent o f  Radioactive 
-elements, %-I 

Note: Commas ind ica t e  decimal p o i n t s .  



TABLE 17. THERMAL EFFECT OF RADIOACTIVE DECAY I N  THE PORTION OF THE / 109 
PROFILE I N  TE.E INVESTIGATED REGIONS OF DAGESTAN STUDIED 

. ._ 
Deptx 

i n t e r v a l  
i nves t iga t ed ,  
i n  meters 

1,900- 2,300 

2,500-2,750 

3,100-3,200 

3,290-3,340 

3,410-3,420 
3,420-3,464 

3,620-3,730 

2,435-2,635 

2,635-2,770 

2,770-3,152 

3,152-3,220 
3,152-3,172 
3,172-3,207 
3,207-3,220 
3,220-3,259 

3,259-3,280 

3,280-3,310 
3,280-3,305 
3,305-3,310 
3,310-3,382 

3,382-3,395 
3,534-3,538 

.. - - 

Li tho log ic  composition 

- 

Clayey l a y e r  

Limestones wi th  c l a y  
in te rbedding  
Aleuro l i t i c -a renaceous  
member 
Arenaceous member with 
a rg i l l aceous  i n t e r -  
s t r a t i f i c a t i o n  
Argi l laceous  member 
Dolomitic member 

Layer o f  a r g i  1 laceous 
sandstone 

Therm a 1- 
ef fec t  

a c t i v e  
de cay,  
1 0 - l ~  cal /  
cm3 *set 

Age o r  r ad io -  i - 

- ._ 

Yuzhno- Sukhokumskaya 

Pg2-N1 

Cr2 

Cr 1 

J3 

J1 

1 1  

I 1  

Russkiy Khutor 
L- ~ 

Limestones wi th  i n t e r -  
s t r a t i f i c a t i o n s  of 
calcareous c l ays  
Sandy - a leu ro  li  ti  c 
nember 
E 1  ayey - a l e u r o l i  t i  c 
nember with i n t e r -  
bedded sandstones 
Argi l laceous a l e u r o l i t e s  

1 1  1 1  

I 1  1 1  

I 1  I I  

Interbedding of l imestone 
a l e u r o l i t e s ,  marls  
Interbedding o f  c lays  6 
dolomi ti  zed s ands t ones 
Do lomi tes  

1 1  

1 1  

Al te rna t ing  c l ays  6 
s ands t ones 
Aleu ro l i t e s  
Clays 

:r - C r  2 1  

1 :r 

I 1  

I 1  

I I  

1 1  

I 1  

1 1  
J 

I I  

cz 1 
1 1  

I 1  

C r l - J 2  

0.414 

2 .06  

1.027 

0 .97  

1 .451  
0.759 

0 . 7 3  

0.944 

0.504 

0.499 

1.134 
1 .27  
1.672 
0.834 

0.814 

0.75 
0.520 
1.358 

1.74 
1.923 

P o t e n t i a l  i n -  
crease i n  therm. 
flow due t o  
r ad ioac t ive  
decay i n  t h e  
given i n t e r v a l ,  
1 0 1 6  cal/ cm2 -sec 

0.0166 

0.0515 

0.01 

0.005 

0.0014 
0.0039 

0.008 

0.019 

0.0068 

0.00758 

0.00227 
0.0044 
0.0021-7 
0.00175 

0.0017 

0.0019 
0.00011 
0.00978 

0.00978 
0.00226 
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.. . . .  - 
Thermal 
e f fec t  o r  

L i t h o l o g i c  composition Age r a d i o a c t i v e  i n t e r v a l  
i n v e s t i g a t e d  , decay , 
i n  meters cal/ 

cm3 - s e c 
-~ .~ ~~ . . . . - . . . . . 

B a z h i g an 

P o t e n t i a l  i n -  
crease i n  therm. 
flow due t o  
r a d i o a c t i v e  
decay i n  t h e  
given i n t e r v a l  , 
10.- . . 6 . cgl/ _ _  cm2 . . . 0s . e c 

0.193 0.0008 

I !  0.2703 0.0023 

0.568 0.0079 

J 2  

J1 

3,513-3,553 Interbedding of  sand- 
s tones  and a l e u r o l i t e s  

3,553-3,637 Interbedding o f  lime- 
stories a.nd sandstones 

3,713-3,852 Interbedding of  sand- 
s tones  , a l e u r o l i t e s  , 
and a r g i l l i t e s  

S t  epnay a 

2,600-2,950 Limestones a l t e r n a t i n g  C r 2  4.159 0.0406 

2.695 0.0302 3,328-3,440 Argi l laceous l a y e r  
wi th  carbonaceous c lays  

Cr 1 
Vostochno-Sukhokumskaya 

0.928 0.0116 

I t  0.879 0.0053 

2 2,725-2,845 Limestones with i n t e r -  C r  

2,845-2,905 Calcareous sandstones 
s t r a t i  f i cat  ions  

Makhachkala (Well No. 215) 

1,500-1,600 Aquiferous sandstones N1 t ch  1.2906 0.0129 
I 1  1.0190 0.0102 1,600-1,700 Clays wi th  interbedded 

1,700-1,800 0.4038 0.0040 
marls 

/111 
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TABLE 17.  (Concluded) 

Age 

Depth 
i n  t e rva  1 

i n v e s t i g a t e d ,  
i n  meters 

r ad ioac t ive  
decay, 

10-12 cal/ 
cm3-sec 

2,100-2,900 

1,900-3,000 
3,000-3,100 

3,100-3,200 

400-500 

700-800 
800-900 
900-1,000 

1,000-1,100 
1,100-1,200 

100-300 

300-600 
600-1,100 

1,100-1,300 
1,300-1,400 
1,400-1,900 

1,900-2,100 

2,100-2,900 

2,900-3,000 

L i tho log ic  composition 

Thermal 1 ef fec t  o r  

Argi l laceous  f i n e  
gra ined  l imestones 

I 1  1 1  

I 1  I t  

I 1  1 1  

Argi l laceous  member 

Gasha 

Cr2 
I 1  

C r  - C r  2 1  

Cr 1 
B ab ay u r  t 

I N~ s r m  

Sulak 

Sandy c l ay  
I 1  I 1  

1 1  1 1  

1 1  1 1  

1 1  I t  

Calcareous gray  c lay  
1 1  I I  1 1  

I 1  I 1  1 1  

1 1  1 1  1 1  

I 1  1 1  1 1  

I 1  I 1  I 1  

1 1  I t  I 1  

S l i g h t l y  arenaceous,  
micaceous c l ay  

I 1  I 1  

N 2  ak 
1 1  

I 1  

I 1  

I 1  

Kar am an 

Ql 
N2apsh 

N 2  ak 

N 2  ak + 

N1 m t  

N1 m t  

N s r m  

1 1  

1 1  

1 
1 1  

0.1178 

0.2599 
1.3150 

0.3840 

I 0.1906 

0.127 
0.2300 
0.2000 
0.5100 
0.3900 

0.54 

1.89 

P o t e n t i a l  i n -  
c r ease  i n  therm. 
flow due t o  
r ad io  a c t i v e  
decay i n  t h e  
given i n t e r v a l ,  
10-6 cal /  c m 2  * s ec 

0.0178 

0.0037 
0.0132 

0.0035 

0.0019 

0.00127 
0.0023 
0.0020 
0.0051 
0.0039 

0.0108 

0.0327 
0.0682 
0.0062 
0.0154 
0.0709 

0 .0051 

0.1244 

0.0044 

By and l a r g e  t h e  t o t a l  emission o f  rad iogenic  h e a t  i n  t h e  sedimentary l a y e r  

proved t o  be  very s i g n i f i c a n t  (Table 19) .  

example, t h e  thermal e f f e c t  from t h e  decay o f  r a d i o a c t i v e  elements contained 
i n  an i n t e r v a l  on ly  o f  1 km t h i c k  i s  equal  approximately t o  5% o f  t h e  observed 

conductive thermal flow, and i n  t h e  Karaman f i e l d  it is  even 10%. Consider ing 

In t h e  Russkiy Khutor f i e l d ,  f o r  
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t h a t  t h e  sedimentary shea th  over t h a t  p o r t i o n  o f  t h e  s k i f  p la t form s t u d i e d  i s  

almost 4 km t h i c k ,  i t  can be concluded t h a t  t he  t o t a l  r a t e  of radiogenic  

hea t  generat ion i n  i t  i s  about 20% of  t h e  observed thermal flow. A s  f a r  as 

concerns t h e  Tersk-Kaspiysk forward depression,  h e r e  t h e  d i s t r i b u t i o n  o f  t h e  

r a d i o a c t i v e  elements was s t u d i e d  only i n  t h e  upper p r o f i l e  (Quarternary and 

Neogenic formations) and t h e  extension of  t h e s e  eva lua t ions  (possibly maximum 

because of t he  abundance of clayey v a r i e t i e s )  t o  t h e  lower i n t e r v a l s  i s  

i n v a l i d .  

/113 - 

TABLE 18. RESULTS OF EVALUATION OF THE RADIOGENIC THERMAL EFFECT 
I N  THE SEDIMENTARY LAYER OF DAGESTAN 

~ ~. 

F i e l d  i n v e s t i g a t e d  

- - 

Gasha 

M ak h a chk a 1 a 

Karaman 

Babayurt 

Sulak 

Russkiy Khutor 

Yu z hn o - Su k h okums k ay a 

Sol  on ch akovay a 

Stepnaya 

Vos tochno- Sukhokum- 
skaya 

Bazhi gan 

_ -  - - -  - i i .  _ _  
I n t e r v a l  

i n v e s t i g a t e d ,  
i n  meters 

. .  

2,100-3,200 

1,500-1,800 

100-3,000 

400-500 

700-1,200 

2,435-3,395 

1,900-2,300 

2,500-3,630 

2,600-2,950 

3,422-3,730 

2,600-2,955 

3,328-3,440 

2,725-2,905 

3,513-3,852 

~. - _  - 

Age 

_ _  . 

C r  - C r  

N1 t c h  

Q+Tr N 2  

N 2  apsh 

N1 m t ;  

N2apt ak 

C r  -J 2 2  
Pg -N 2 1  

2 2  

2 1  

C r  -J 

Cr 2 
C r  -J 1 2  

2 C r  

Cr 1 

Cr 2 

J3-J2 

._ - - -- __ _-- . . - -- 

' o t e n t i a l  increment i n  thermal 
€low from r a d i o a c t i v e  decay, 
L o - 6  u tal/ cm? 
rota1 f o r  a l l  
i n t e r v a l s  
i n v e s t i g a t e d  ~ -. . . . 

0.033 

0.024 

0.339 

0.0019 

0.0144 

0.0597 

0.0166 

0.798 

0.0153 

0.0286 

0.0400 

0.0300 

0.0169 

0.0110 

9 C  

4verage f o r  each 
100 m o f  t h e  i n -  
ves t iga t ed  i n t e r v a l  - .. - _ _  

0.0035 

0.0080 

0.0116 

0.0019 

0.0029 

0.0060 

0.0042 

0.0065 

0.0043 

0.0090 

0.0114 

0.0230 

0.0090 

0.0030 
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At ten t ion  should be c a l l e d  t o  t h e  f a c t  t h a t  t h e  eva lua t ions  obtained 

f o r  t h e  r o l e  o f  r ad iogen ic  h e a t  i n  t h e  formation of  t he  conductive thermal 

flow are o f  r e l a t i v e  n a t u r e ,  s t r i c t l y  c o r r e l a t i n g  only t o  t h e  given concrete  

pe r iod  o f  t h e  i n v e s t i g a t e d  r e g i o n ' s  geo log ica l  h i s t o r y .  

r econs t ruc t ions  and o t h e r  e x t r a p o l a t i o n s  i n  t ime, it is  necessary t o  keep i n  

mind the  decrease i n  t h e  content  of  r a d i o a c t i v e  elements i n  p ropor t ion  t o  

t h e i r  decay and the corresponding reduct ion i n  t h e  thermal capac i ty  o f  t h e  

l a t t e r .  

When making paleo- /116 

The values a c t u a l l y  observed a t  the var ious l e v e l s  w i t h i n  t h e  sedimen- 

t a r y  cover f o r  t h e  conductive thermal flow t u r n  out  t o  be l e s s  than i s  

ind ica t ed  by the  c a l c u l a t i o n s  t ak ing  i n t o  cons ide ra t ion  t h e  c o n t r i b u t i o n  of  

hea t  emit ted by t h e  d i spe r sed  r a d i o a c t i v e  sources  (Table 1 9 ) .  This non- 

correspondence may be t h e  r e s u l t  of a l a t e r a l  hea t  h r a i n  ( f o r  example, as 

t h e  r e s u l t  of  movement o f  the underground water absorbing i t )  or o f  t h e  occur- 

rence o f  energy-consuming processes  deep i n  t h e  i n t e r i o r .  This i s  most c l e a r l y  

manifested i n  t h e  Karaman f i e l d  where t h e  thermal flow would have t o  be 

increased by 0 . 3 4  pcal/cm2.sec i n  t h e  100-3,000 m i n t e r v a l  as a r e s u l t  o f  t he  

emission of radiogenic  hea t  (from 0 .99  pcal/cm2.sec observed a t  t h e  3 ,000  m 

l e v e l  t o  1 .33 a t  100 m), but  i n s t e a d  i t  i s  reduced i n  t h a t  i n t e r v a l  t o  0 .68  

pcal/cm2*sec.  Cor re l a t ion  of t hese  d a t a  leads t o  the  conclusion t h a t  energy- 

-consuming processes  a r e  t ak ing  p l a c e  i n  the  sedimentary l a y e r  o f  t he  Karaman 

reg ion ,  t he  capac i ty  o f  which exceeds t h e  e f f e c t  of  r a d i o a c t i v e  decay by almost 

two times . 
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c, 
0 
cn 

Therm.flow,lO-b cal/cmz*sec Geothermal Temperature , "C 
Depth o r  

2,435 
2,635 
2,770 
3 , 152 
3,172 
3,207 

I Calculated with g rad ien t  com- I Computed from calcu- 

1.19 
1.76 
1.16 

1.02 
1 .38  

- -  

i nves t iga t ed  
i n t e r v a l ,  i n  

I 

3,259 ' 0.96 ~ 

3,310-3,382 ' 1.39 ' 

3,220 - -  

3,280 -- 

Observed considerat ion of  puted from cal-  l a t e d  va lues  o f  thermal 
thermal e f f e c t  of cu la t ed  va lues  Observed flow by t h e  equation*** 

1,900-2,300 
2,500-2,750 
3,100-3,200 
3,290-3,340 
3,410-3,420 
3,420-3,464 
3,570-3,620 
3,620-3,730 

3,730 

meters , 

1.32  
1.285 
1 . 2 1  
1.22 
0.86 
1.52 

i 1 .35 ! 

0.74 ' 
- -  

r ad ioac t ive  decay o f  thermal flow H 
T = T - J grad Tdx x H  by t h e  formula* by t h e  equation** 

1.45 
1.43 
1 .42  
1 .41  
1 . 4 1  
1.41 

1.45 
1.43 
1.377 
1.367 
1.362 
1.361 

0.04 
0.024 
0.027 
0.027 
0.027 
0.026 

Yuzhno- Sukhokumskaya 

0.038 
0.024 
0.026 
0.026 
0.036 
0.020 

I 
0.023 I 

~ 

1.358 
1.35 -- 

104.6 
1 1 1 . 2  
116.12 
125.9 
126.5 
127.2 
127.5 I 

-- 
128.5 I 

111 (2,500 m) 
130 (3,100 m) 

140 (3,600 m) 

/114 - 

104.4 
113.8 
117.71 
131.08 
131.78 
133 
133.42 

135.4 
135.73 

-- 

117.8 (2,500 m) 
123.8 (2,750 m) 
140.44 (2,890 m) 
147.51 (3,464 m) 

/115 - 

142.94 (3,700 m) 
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TABLE 19. (Continued) 

Therm.flow, cal/cmz.sec Geothermal Temperature , "C 
Depth o r  Calculated with gradient  com- 1 Computed from calcu- 

inves t iga ted  
i n t e r v a l ,  i n  

meters 

Observed considerat ion of 
thermal e f f e c t  of 
rad ioac t ive  decay 
by the  formula" 
9, = qH = 

puted from ca l -  , 
culated values Ob s e rve d 

by the   equation**^ of thermal flow (TH) 

l a t ed  values of  thermal 
flow by the equation*** 

H 
T X = TH - J grad Tdx 

X 

I I I I I 

Karaman 

100-300 
300-600 
600- 1,100 

1,100-1,300 
1,300-1,400 
1,400-1,900 
1,900-2,100 
2,100-2,900 
2,900-3,000 

0.60 , 

0.57 
0.73 
-- 
-- 

0.99 

0.99 

1.33 
1.32 
1.28 
1 . 2 2  
1 . 2 1  
1 .19 
1 . 1 2  
1 . 1 2  
0.99 

0.052 
0.044 
0.036 
0.030 
0.030 
0.032 
0.030 
0.030 
- -  

20.95 
25.98 

45.34 

52.1 
63.96 
70.05 
91.55 

, 32.4 

I 50.4 

* qx, calculated thermal flow; qH, conductive thermal flow through the  

15 
25.4 
38.6 
56.6 
62.6 
65.6 
81.6 
87.6 

111.6 

inderside of a layer  

of thickness  x; Aq, thermal e f f e c t  of t h e  rad ioac t ive  decay i n  the  layer  (H - x) .  

** grad T ,  temperature gradient  i n  the  layer  (H - x ) .  
*** T temperature at  a given depth x ;  THJ temperature a t  t h e  bottom of the layer  (H - x) , 

X'  
i . e . ,  a t  t he  depth H .  

0 
(D 



Conclusions 

1 .  The thermal conduc t iv i ty  of t h e  va r ious  types o f  rocks comprising t h e  

sedimentary sheath of  Dagestan was i n v e s t i g a t e d  i n  125 t e s t  samples. I t  

was e s t a b l i s h e d  t h a t :  

a) t h e  sandstones have t h e  h ighes t  thermal conduc t iv i ty  (up t o  

8 .9  mcal/cm-sec-"C), and t h e  c l ays  have t h e  lowest (up t o  1 .5  mcal/cm.sec*"C); 

b) t h e  c o e f f i c i e n t  of  thermal conduct ivi ty  f o r  t h e  same type rock 

inc reases  with an i n c r e a s e  i n  t h e  depth of  t h e  d e p o s i t ,  which i s  r e l a t e d  t o  

t h e  compression of  t he  rock and i s  not  dependent on i t s  age; 
c) t he  magnitude of  t h e  c o r r e c t i o n  i n  t h e  c o e f f i c i e n t  o f  thermal con- 

d u c t i v i t y  under n a t u r a l  cond i t ions  i n  comparison with l abora to ry  condi t ions 

under the in f luence  of moisture reaches 10-15% f o r  t h e  c l ays  and 30% f o r  t h e  

sandstones.  

2 .  Values were determined f o r  the conductive thermal flow i n  12  explor-  

a to ry  f i e l d s  i n  Dagestan: Gasha (0.87 ucal /cm2*sec) ,  Izberbash (0.74 

ucal/cm2.sec) , Kaspiysk (1 .OS pcal/cm2.sec) , Makhachkala (0.96 ucal/cm2.sec) , 
Russkiy Khutor (1.32 ucal/cm2.sec) , Yuzhno-Sukhokumskaya (1.25 ucal/cm2.sec) , 
Solonchakovaya (1.03 ucal/cm2.sec) , Stepnaya (1.32 ucal/cm2.sec) , Bazhigan 

(1.58 ucal/cm2-sec) , Karaman (0.96 ucal/cm2.sec),  Sulak (0.65 ucal/cm2*sec) , 
and Babayurt (0.70 ucal/cm2.sec).  

3 .  The d i f f e r e n t i a t i o n  of t h e  conductive thermal flow was e s t ab l i shed  

i n  t h e  d i f f e r e n t  geo log ic - t ec ton ic  zones of Dagestan. In t h e  region of 

Paleozoic fo ld ing  (Skif platform) the  average thermal flow amounts t o  

1.30 ucal/cm2.sec; i n  t h e  region of Cenozoic fo ld ing  (Tersk-Kaspiysk forward 

depression)  i t  i s  0.85 pcal/cm2.sec. 

4. The content o f  long-l ived r a d i o a c t i v e  i s o t o p e s  was determined experi-  

mentally i n  160 samples o f  t h e  var ious sedimentary rocks of  Dagestan. 

h ighes t  content o f  i s o t o p e s  i s  i n  t h e  c l a y s ,  and t h e  l imestones have the  

lowest con ten t .  

P l a in  (Russkiy Khutor, Aqrad = 0.0060 ucal/cm2.sec p e r  100 m) i n  comparison 

with t h e  Piedmont (Gasha, Aqrad = 0.0035 ucal/cm2-sec p e r  100 m )  i s  s t r i k i n g ,  

The 

The high r a d i o a c t i v i t y  of t h e  Mesozoic rocks of  t h e  Dagestan 

/117 

/118 
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although no unambiguous laws of  d i s t r i b u t i o n  were e s t a b l i s h e d  f o r  t h e  

d i s t r i b u t i o n  o f  t h e  r a d i o a c t i v e  elements according t o  f i e l d  and i n  t h e  p r o f i l e .  

5. The thermal effect  of t h e  decay of long-l ived r a d i o a c t i v e  i so topes  

The i n  t h e  sedimentary l a y e r  o f  Dagestan was determined q u a n t i t a t i v e l y .  

generat ion of  r ad iogen ic  hea t  i n  t h e  sedimentary l a y e r  of  Dagestan amounts 

t o  no t  l e s s  than 20% o f  t h e  t o t a l  amount of  t h e  conductive thermal flow. 

6 .  The r e s u l t s  o f  t hese  i n v e s t i g a t i o n s  can be u t i l i z e d  f o r  a more 

d e t a i l e d  d e s c r i p t i o n  of  t h e  thermal regimen i n  t h e  depths  of  t h e  Dagestan 

petroleum-gas f i e l d s ,  and f o r  eva lua t ion  of t h e i r  thermal energy resources  

f o r  t h e  purpose of  p r a c t i c a l  u t i l i z a t i o n .  

p a r t  i n  forming an o v e r a l l  p i c t u r e  of t h e  d i s t r i b u t i o n  of t he  deep thermal 

flow i n  t h e  Dagestan t e r r i t o r y .  

These d a t a  are a l s o  an e s s e n t i a l  
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